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ABSTRACT
Thiophene is a widely exploited precursor for the synthesis of environmentally stable,
conducting electroactive polymers. The ease of substitution at the C3 position of the
thiophene allows the incorporation of a wide range of substituents that are designed to
tailor the electronic properties of the ensuing polymer for a variety of applications.
Substituents are predominantly attached to the thiophene via a saturated alkyl or alkoxy

linker and the effect of the substituent upon the polymer is often of a steric, rather than
an electronic nature.

In this thesis the effect of attaching ^-substituted phenyl substituents via an alkene lin
to the C3 position of thiophene is explored. The purpose of the alkene linker was to
promote the inclusion of the substituent into the extended conjugation of the subsequent
polythiophene backbone. The alkene may be considered to act as a bridge, that will
allow greater electronic communication between the substituent and the thiophene
moiety.

A range of systematically substituted thiophene derivatives has been synthesised
through the implementation of the Wittig reaction. The substituents range from electron
donating to electron withdrawing. The homopolymerisation by electrochemical growth
methods of the styryl thiophene derivatives did not produce electroactive, conductive
homopolymers. Alternative methods for the incorporation of the styryl substituents into
conductiving electroactive polymers were investigated. These included the
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copolymerisation of the styryl thiophene derivatives with bithiophene, and alternatively
the homopolymerisation of a styryl substituted terthiophene monomer. Both options
allowed the incorporation of the styryl substituent into polythiophene, while minimising
the steric constraints of a planar pendant side chain.

The electroactive polythiophene derivatives were characterised by a range of methods
including electrochemical characterisation techniques, UV-visible and IR spectroscopy,
SEM and AFM, as well as conductivity measurements.

It was found that the substituents have an effect on the electrochemical properties of th
polythiophene polymers. The presence of electron-withdrawing groups shifted the
observed redox responses to more anodic potentials and increased the conductivity of
the polymer. Substituted poly(terthiophene)s were found to exhibit different mechanical
and electronic properties to those of the substituted thiophene copolymers. The growth
method was also found to have a greater effect on the properties of substituted
poly(terthiophene)s than the styryl substituted copolymers.

The effects of substituents on the photovoltaic response of polythiophenes in
photoelectrochemical devices were explored; since substituted polymers may enhance
charge separation within the device. The results showed the substituents influenced the
photovoltaic properties of the polymers. Thin films of poly(terthiophene)s were found
to produce a larger photovoltaic response than polybithiophene and the styryl thiophene
copolymers. However, poly(bithiophene) and poly(terthiophene) gave an improved
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photovoltaic performance in comparison to the substituted analogs.

Finally, the effect of the doping level of the polymer upon the photovoltaic response wa

also systematically investigated, to meet the need to improve charge transport propertie
in photovoltaic devices that incorporate conducting polymers as the photoactive
component. It was found that partially doped polymers produced photovoltaic responses
comparable to those of the fully reduced polymers. In some instances, the partially
oxidised polymers gave better photovoltaic responses than the fully reduced form; for
example the dimethylamino styryl substituted thiophene/bithiophene copolymer was
most efficient when poised at a potential of 0.75 V.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Conducting Polymers
"Organic metals" and "conducting plastics" are two phrases commonly used to describe

a relatively new class of materials first discovered in 1977 . The juxtaposition of the

two terms is not surprising if the fundamentals of chemical bonding are examined. In an

organic system a single covalent bond is an electron pair (cr-a bond). The presence of a

double bond increases the electron density due to the occupation of p orbitals that res
in 7r-bonding. In a conjugated system, where there are alternating single and double
bonds, the 7i-electrons become delocalised along the chain. However, it is the electron

mobility in metals that neutral organic materials and polymers lack, due to the presenc
of a large gap between the valence band and conduction bands (a gap non-existent in
metals). The removal of a 7i-electron (partial oxidation) in polyacetylene (Table 1.1)
upon exposure to gaseous bromine or iodine was found to dramatically increase the
conductivity of the material by allowing the mobility of charge along the polymer
backbone. This led to the discovery by Shirakawa, MacDiarmid and Heeger1 of a new

class of materials that have the flexibility of a plastic as well as the intrinsic abil
conduct electricity in the oxidised form.

l

Table 1.1 Examples of Conducting Polymers.
Polymer N a m e

Polymer Structure

Trans Polyacetylene

n
Polypyrrole

'/ w
N"

Polythiophene

Polyaniline

n

M
\

n

H/n

Poly(para-Phenylene vinylene)

'n

Conducting polymers are formed from chains of conjugated molecules that have strong
sigma bonding to maintain the polymer structure upon the loss of 7i-electrons in the
conductive form. Upon oxidation of the polymer, a negatively charged counter ion from

the oxidant or the electrolyte solution is reversibly inserted along the chain to maint
charge neutrality of the bulk polymer. Polyacetylene is the simplest and the most
conductive polymer, especially the more crystalline trans isomer where conductivities
are as high as some metals (105 S/cm)2. However, the applications of polyacetylene are
limited due to environmental instability. Other polymers that exhibit conductive
properties in their oxidised form include heteroatom-containing polymers such as
2

polypyrrole, first prepared by Diaz et al3, and polythiophene where the polyacetylene-

like structure is held in a cis conformation due to the presence of nitrogen or sulfur in
the rings, respectively. Polyaniline and poly(/?ara-phenylenevinylene) are two
commonly studied conducting polymers based on the phenyl unit. These polymers show

commercial potential in a wide range of applications including: rechargeable batteries4'
photovoltaic and luminescence devices , transistors, sensors , electrochemical
actuators9, selective membranes10'11, electromagnetic shielding12, anti- corrosion
agents13 and electrochromic devices14

1.2 Polythiophene
Polythiophene (1) has been the focus of a number of reviews2'15"19 describing its

advantageous characteristics. It is stable to atmospheric conditions and moisture in bot
the neutral and conductive states and is easily modified via the incorporation of
substituents. The electrical conductivity can be increased over 12 orders of magnitude
from the semiconducting (~10"10 Q_1 cm"1) to the conducting state (~102 Of1 cm"1).

4 30

sQ2a
1
1

1.2.1 Polymer Synthesis.
Polythiophene can be synthesised chemically or electrochemically through oxidation of
the monomer and generally results in the doped form of the polymer (Scheme 1.1).

3

Sx

Oxidation
A~

\

s

/
n

Scheme 1.1

It is generally accepted that the polymerisation occurs via a radical polymerisation
mechanism (Scheme 1.2). 2'15'20 A radical cation is generated upon oxidation of the
monomer. Occurring predominantly at the a position (relative reactivity of the a to P
positions is 95/5).15 During the growth of conducting polymers, high concentrations of

radical cations are maintained at the electrode surface, as the electron transfer rate

greatly exceeds that of the monomer diffusion to the electrode surface. The coupling o

two thiophene radical cations follows the initiation step. This is then followed by re
aromatisation via the loss of two protons. Aromatisation is the driving force of the
coupling reaction. The polymer chain is extended during further propagation steps,
where radical cations of the oligomeric species are generated from a one-electron
oxidation and react with monomeric radical cation species until the polymer reaches a
critical mass and precipitates onto the electrode.

4

o^o—o
"S'
•

+

-2H+

-<

>-

^

=J

+

H

-2H+

...etc

Scheme 1.2
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Chemical polymerisation w a s first carried out in 1980 by Y a m a m o t o et al

as well as

Lin and Dudek . Both groups employed the metal-catalysed polymer condensation of
2,5 -dibromothiophene. Another method of chemical polymerisation first reported in
1986 by Sugimoto et al involved the use of an appropriate chemical oxidant such as
iron(III) chloride. The polymer is produced in its semi-conducting state and can be
converted to its conducting state through oxidation, either chemical or electrochemical.
In some cases the neutral polymer can also be reduced, and doping with a cation can
also induce conductivity (Fig. 1.1).

(a) n-doping

(b) p-doping

neutralization
oxidation

//A

'f/k
•

/H
^w/

1 fi

neutralization

\J

reduction

I

lI

I1 .,

,

.JL.
I

.

— 1I

I...

I

I

-

iL —

— •

-3 -2-10 1

E/V
Figure 1.1 Typical voltammogram for an electronically conducting polymer that
exhibits (a) «-doping and (b)/»-doping. The Shaded area represents the charge under the
0A

neutralization curve for n- and/?-doping.

The need for greater control over the length of conjugation and regioselectivity of
couplings in unsubstituted and substituted polymers has led to further development of
regioregular chemical polymerisation techniques.

6

A thorough examination of

chemical polymerisation is beyond the scope of the present study, which is focused on
electrochemical polymerisation.

Electrochemical polymerisation involves the oxidation of the monomer by applying an
anodic (positive) potential sufficient to remove an electron from the monomer and hence
initiate polymerisation (Scheme 1.1). Electrochemical polymerisation usually results in

the deposition of a polymer film on an electrode; exceptions to this include the synthes
of soluble polymers and also colloidal dispersions in a hydrodynamic cell, where the
deposition of polymer is hindered. The methods of electropolymerisation,
instrumentation and experimental procedures will be discussed further in chapter 2.
6

There are m a n y advantages in electrochemical polymerisation. Films can be deposited
in their oxidised state in situ, on a wide range of conducting surfaces such as glassy
carbon, platinum, gold, stainless steel, and indium-tin-oxide (I.T.O.) coated glass.
Monitoring and limiting the charge passed at the electrode surface can control the
thickness of the films. Typical films are grown with thickness ranging between several
angstroms and several millimeters. A linear charge to thickness relationship has been
reported2 (10 A /mC cm2). One of the main advantages of electrochemical
polymerisation is the opportunity to easily incorporate a large range of counter-ions
upon polymer oxidation (Scheme 1.3). Counter-ions can influence the mechanical
electrochemical properties of the conducting polymers and can range from a simple
chloride or perchlorate anion to complex proteins25, antibodies26 and red blood cells.

7

OH OO

Counter-anions can improve mechanical properties of the polymer film ' or enable the
detection (through resistivity changes) of bacteria30 or chemicals in potential sensor
devices.

If a conducting polymer is deposited in its reduced form it can easily be oxidised
electrochemically in a solution, containing counter-ion. The doping process is almost
completely reversible and anions/cations can be incorporated or expelled as it undergoes
electrochemical redox reactions (Scheme 1.3).

a)^ +AB 2^ I^L b)(^| +AB ^ jW|A+
Reduction "" Oxidation

Scheme 1.3 The doping and dedoping processes in polythiophene to form a) p-type
conducting polymers and b) «-type conducting polymers, n is number of thiophene
units.

7

1.2.2 Charge Transport and Conduction.
The term "doped" is often used to describe polymers in their oxidised, conducting state
and originates from the doping of inorganic semiconductors. The doping levels in
conducting polymers are generally m u c h higher than in inorganic semiconductors. In
polythiophene there is commonly found to be one counter-anion for every four
thiophene units.

The charge carriers that enable the conduction of electricity in

heteroatom conducting polymers are polaron and bipolarons2'31'32. The removal of a
7T-electron from the polymer backbone creates a radical cation (polaron) which is free to
m o v e along the polymer chain and can be detected by E S R (electron spin resonance).32
The conduction mechanism in thiophene differs from polyacetylene, as thiophene does
not possess degenerate ground states therefore preventing the formation of soliton
charge carriers observed in polyacetylene. The benzenoid structure (Fig. 1.2a) is the
most stable form and undergoes a structural transformation upon oxidation to the less
stable quinoidal form (Fig. 1.2b).

A change in the absorbance accompanies the

transformation, which accounts for the electrochromic effects often observed upon
oxidation and reduction of a conducting polymer.

'n

'n

Figure 1.2a-b (a) The semiconducting benzenoid state (b) The quinoidal conducting
state.
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Energy levels of this quinoidal (doped) structure are in between the valence and
conduction bands of the neutral benzenoid phase (Fig. 1.3). Therefore, conduction can

occur because the lower mid-state level is singly occupied when the polaron is a rad
cation. This type of conduction is known as p-type. «-Type conductors are produced
when an electron is accepted by the polymer backbone instead of being lost. A
negatively charged polaron is sometimes formed when the polymer is held at cathodic
(negative) potentials, but is not as common as anodic doping in conducting polymers

(Fig. 1.1). For w-type conductors the lower mid band is full and the upper mid band is
singly occupied. The Fermi level in «-type polymers is closer to the conduction band,
and for p-type it is closer to the valance band (the Fermi level refers to the bulk
distribution of electrons and is the highest molecular energy (HOMO) level at zero
Kelvin). The potential difference between anodic and cathodic doping in a conducting
polymer, where both occur, can be used to calculate the energy difference between the
valence and conduction band known as the band gap.
Conduction
Band

71V
(a)

7K Wl

(b)

Valence
Band
Bipolaron
bands

Metallic-like state at
high doping levels

Figure 1.3 Energy level diagram of (a) benzenoid and (b) quinoid phases for P T

Bipolarons or di-ions are thought to be the charge carriers in highly doped

9

polythiophenes and polypyrroles. They are formed from polarons found on the same
chain. The radical portion of two polarons can combine to form a 7i:-bond and the ions
pair up and occupy positions to either side of the quinoidal segment.31 The formation of
bipolarons has been shown to give no ESR response due to the diamagnetic nature of
the charge carrying species.32 In highly doped polymers the high density of bipolaronic
species results in the formation of bipolaron bands (Fig. 1.3). These bands merge and
overlap with the valance and conduction bands in fully doped conducting polymers to
produce metallic like charge carriers (Fig. 1.3). Many recent theoretical and
experimental studies have addressed the issue of charge mobility and the nature of
polaron/bipolaron charge carriers,33 the effect of solvent,34 chain length,35 interchain
interactions and doping levels ' or dopants . Some of these areas will be discussed
in later chapters.

1.3 Application Of Conducting Polymers In Photovoltaic Devices

Conducting polymers are generally investigated because of their unique ability to
conduct electricity in their doped or oxidised state. The electrochemical and chemical
reversibility of doping to produce a polymer in its semiconducting state is the unique
property that has led to an increasing interest in conducting polymers in the field of
photovoltaics. The energy in light can be harnessed through the excitation of electrons.
The migration of electrons and of holes to opposite electrodes in a photocell converts
the energy to electricity.

Traditionally, inorganic semiconductors are used because they have small band gaps that
10

can be varied by doping or adding impurities, semiconductors are generally classed as nor p-type. An «-type semiconductor conducts via electrons in the conduction band,
whereas a p-type conducts through holes or vacancies in the valance band. Conducting

polymers, as seen in section 1.2, can also act as semiconductors due to the relatively
small band gap compared to most organic materials. Semiconductor inorganic devices
are limited because of the materials available, complicated processibility and cost.
Organic conducting polymers are cheap and can easily be coated onto many surfaces.

The simplest photovoltaic devices can be fabricated using a Schottky junction, and can
either be n- or p-type (Fig. 1.4).

8
^
• hv

hv
h+
p-SC n-SC

>

h+"

hv

h^

n-SC Metal p-SC Metal
or
or
liquid
liquid
pn-junction Schottky-junctions

Figure

hv

D + P + A-^D' + P + A-

1.4 Representative diagrams of a pn-junction, schottky junction and

donor/acceptor junctions. Ef, Fermi level; P, photoreactive centre; D, donor; A,
acceptor-

A Schottky junction can be formed between an n- or p-type semiconductor and a metal
such as aluminium or platinum. Liquid Schottky junctions replace the metal with a

liquid. In a semiconductor pin junction device, electrons are separated by an in-built
electric field caused by bending of the Fermi level at the p/n junction (Fig. 1.4)
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U p o n photo-absorption in organic conducting polymer devices, excitons are formed
(hole- electron pairs held together by weak coulombic interactions)6'40. The charges are
not separated by an applied magnetic field as in inorganic semiconductor devices.

Instead, it is the charge separation of the neutral excitons at donor /acceptor interfac

and inhibition of electron-hole recombination which is crucial for efficient photovolta
devices. Charge collection is facilitated by electrodes with different work functions6,
(different ionisation potentials), in an overall process that is similar to the electron
transfer process in natural photosynthetic systems.40 Photoelectrochemical, as opposed
to photophysical devices, utilise a reversible redox process to aid charge transfer. In
these devices, solid polymer electrolytes or liquid electrolytes are placed between the
film and the metal coated counter electrode surface (described in Chapter 2).

The most successful photovoltaic devices are Schottky devices based on poly(pphenylenevinylene) (Table 1.1). Recently, a quantum efficiency of 29% with power
conversion of approximately 2% has been reported42 using PPV («-type) in a blend with
an alkylated polythiophene (p-type). Other workers43 reported the use of C6o as the ntype material in a blend with PPV. Once again, quantum efficiency of 29% was
reported and engineering efficiency of 2.9% was obtained. The major drawback in the
practical utilisation of PPV based Schottky devices is in the processibility of the base
material and construction of the device, which requires the use of aluminium or
preferably calcium electrodes to be coated on the PPV. Other conjugated polymers,
polyaniline and polythiophene, have been utilised as photoactive coatings in
photoelectrochemical cells. The use of polyanilines has been more common44"49 and
they have been shown to behave asp-type semiconductors in the reduced state, whereas
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rc-type semiconductor

behaviour

w a s observed

in their oxidised

state. T h e

photoelectrochemical properties of polythiophenes have also been studied for some
time49"53 and are of particular interest as several polymer processing options are
available, including simple electrodeposition to produce thin films54.

1.4 Increasing The Versatility Of Polythiophene.

It has been established that polythiophene possesses a range of desirable and potentially
useful features as a conducting polymer, but there are several major disadvantages
inherent in unsubstituted polythiophene. One of these is the high oxidation potential of
the thiophene monomer itself. As can be seen in Table 1.2, the oxidation potential of
the monomer increases in accordance with the electronegativity of the heteroatom.
Thiophene has a much higher oxidation potential than the less environmentally stable
pyrrole monomer.

Table 1.2 Oxidation Potentials in an electrolyte solution of LiC104/acetonitrile at a sca
rateof20mV/s.2
Monomer

Monomer Oxidation (V/SCE)
_____

Furan
Pyrrole

0.8 V

Thiophene

1.6V 1.1

3 -Methylthiophene

1.35 V 0.77

Bithiophene

1.2 V 0.7

Terthiophene

1.05 0.95
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Polymer Oxidation (V/SCE)

The high oxidation potential leads to the "thiophene paradox", a term that refers to the
over-oxidation of the polymer at potentials needed to oxidise the monomer and to
generate polymer growth. Over-oxidation is the irreversible oxidation of the polymer.
The oxidation potential of thiophene oligomers and polymers is usually much lower
than the oxidation potential of the monomer because of the increase in conjugation
(Table 1.2). This is due to the increased stability of the radical cations that
accompanies the delocalisation of electrons in a conjugated system.

There are several ways in which this problem can be alleviated. One solution is to
initiate polymerisation using an oligomer such as bithiophene or terthiophene as the

starting substrate The oxidation potential of these oligomers is much lower than that of
thiophene itself, allowing for mild polymerisation conditions.56

Another approach is to synthesise substituted thiophene monomers that will polymerise
at lower oxidation potentials. This is typically achieved by the addition of electronic

groups that are electron-donating.15 Substitution at the P-position allows polymerisati

to occur at the C-2 and C-5 positions of the ring, which is crucial for the extension of
conjugation and hence conduction. Substitution at this position also reduces mislinking

that can occur via coupling reactions at the P-position, which also inhibits conduction.
The term mean conjugation length is often used to describe the extent of 7t-orbital
overlap in conducting polymers. It is largely determined by two factors, namely

stereoregularity ( i.e. the degree of cc-of links in the polymer) and the planarity of t
system.15

14

1.5 Polythiophene Derivatives.

The substitution of thiophene at the p-position is simple in comparison to pyrrole du

the lower regioselectivity of the a to P positions in thiophene and its greater stabi
air . Incorporating substituents into polythiophene (PT) has been shown to influence
both electronic and physical properties.17 Solubility can be improved, conductivities

be increased and polymers can be tuned to better suit a range of applications. In thi

section the main types of substituents used to derivatise thiophene will be reviewed.
The review concentrates on thiophenes substituted through the p-position. However,
there are many examples of thiophenes substituted through the a position.15'17

1.5.1 Halogen Substituents

It has been found that the electronic effects of the substituent alter the polymerisa
characteristics of the thiophene monomer, as well as the redox properties of the

polymer, when the electronically active moiety is attached directly onto the thiophen
ring (Fig. 1.5). A linear correlation has been established between the Hammett
en co

coefficient of the substituent and the oxidation potential of the m o n o m e r . '
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Figure 1.5 Peak oxidation potentials of substituted thiophene m o n o m e r s vs. their
respective polymers.57

Experimentally, thiophenes bearing electron-withdrawing halogen substituents were
found to be difficult to electropolymerise due to their high oxidation potential. For
example, 3-bromothiophene, 3, 4-dibromothiophene and 3-thiopheneacetonitrile have
oxidation potentials higher than thiophene (2.10, 2.23 and 2.22 V

vs S S C E ,

respectively). The high oxidation potential of these m o n o m e r s induces highly unstable
radical cations that were thought to be so reactive that polymerisation was hindered due
to side reactions with the solvent. 3-Chloro and iodo substituents have the same effect,
and once again the resultant polymers were poor conductors. These undesirable effects
are not only due to electronic factors, but also steric constraints.

3-Halogenated

thiophenes are, however, valuable as precursors for more useful thiophene derivatives.
Poly [3-(o> bromoalkyl)]thiophenes 1.2 have been studied and form soluble, conductive
electroactive polymers that exhibit interesting fluorescence properties, as well as
thermal stability.59'60
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(CH 2 ) n Br

(CH 2 ) m -(CH 2 ) n F

d
S'

S'

1.2

1.3

Fluoroalkylated polythiophenes have attracted attention due to their high thermal
stability,15 hydrophobicity, rigidity, chemical and oxidative resistance and selforganisation of perfluoroalkyl chains.16

Recently a series of semi-fluorinated 3-

alkylthiophenes 1.3 have been synthesised and polymerised.61 The fluorinated side
chains have a notable affect on the conjugation length of the thiophene backbone and on
the thermal behaviour. These properties were thought to arise from interaction between
fluorinated chains.

1.5.2 Alkyl Substituents.
Poly(3-methyl thiophene) ( P M T ) has been one of the most widely studied substituted
polythiophenes. Its oxidation potential is m u c h lower than that of thiophene, therefore
making it easier to polymerise, giving a polymer that exhibits reasonably high
conductivity. Polyalkylthiophenes were first synthesised in the hope of improving the
processability and conductivity of polythiophenes as the rigid structure of the parent
polymer makes it insoluble. Elsenbaumer et al62'63 were the first to report the chemical
synthesis of soluble and stable poly(3-alkyl thiophenes) (PATs), although insoluble
P M T had been chemically synthesised prior to this by Yamamoto 6 4 ' 5 as well as by
Kaneto and Yoshino 66 .

It was found that P A T s

could be chemically

and

electrochemically synthesised and that pendant alkyl groups longer than butyl were
needed

to produce

polymers

soluble in c o m m o n
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organic

solvents.

These

polyalkylthiophenes had conductivities in the range of 1-5 S/cm.

The incorporation of alkyl substituents results in an asymmetric thiophene monomer.
Random polymerisation methods can produce up to 4 different bonding arrangements,
namely head-to-head (HH), head-to-tail (HT), tail-to-tail (TT) and mixtures of all
(Scheme 1.4).16'67

head
head-to-tail

head-to-head

Scheme 1.4

Decreasing the torsional strain between thiophene rings by eliminating the unfavorab
HH isomer allows the chain to adopt the low energy, planar configuration. The
subsequent reduction in the band gap increases conductivity. Theoretical studies by
Bredas68 suggest that the maximum distortion of coplanarity that still allows enough

orbital overlap for conduction to occur is 30 degrees. Elsenbaumer et al16 were the f

to investigate the effects of regioregularity on conductivity and many synthetic str

have since been adopted to control the regioregularity of PATs. It was found that th
UV-visible absorbance bands between 400-500 nm of regioregular PATs, shift towards
lower energy wavelengths. The conjugation length of HT-poly(dodecylthiophene) was

reported to consist of 40 thiophenes (80 7i-electrons), whereas the conjugation leng
irregular poly(dodecylthiophene) was only 7 thiophenes in length.69
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Roncali, Gamier and Yassar ' observed a relationship between the film thickness and

the position of the n-n* band in UV-visible spectra of PATs, which also correlated w

their conjugation length and conductivity. Thin films of these polymers displayed ev

lower energy absorption bands and higher conductivity than thick films. Thin films o
non-HT-poly(methylthiophene) were highly ordered and conductivities up to 2000 S/cm
were obtained. This was explained by the observation of increased morphological

disorder in thicker films. Regioregular films allowed for the preparation of thicker
with a high degree of order.

The conductivity of random PATs decreases with increasing chain length, but
regioregular HT-poly(alkylthiophenes) were found to undergo supramolecular ordering

(Fig. 1.6). This facilitated the high conductivities found in regioregular films wi
pendant alkyl groups. Supramolecular ordering was not found to occur in irregular
PATs.72'73

The spectroscopic and physical properties of poly(alkylthiophenes) are incredibly
sensitive to solvent, environmental changes and even molecular weight.74 PAT
solutions have been observed to undergo marked solvatochromism, as do films cast
from different solvents.76 Photoluminescence properties have also shown some
77

dependence on the alkyl chain length and temperature.
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Figure 1.6 Self-assembed conducting polymer superstructures form from regioregular
7?

polythiophenes as confirmed by X-ray studies and light scattering studies.

Unlike straight chains, branched alkyl chains appear to decrease the conjugation and
conductivity of PATs. Few branched alkyl chain polymers have been prepared, since
early attempts to synthesis poly(3-isopropylthiophene) were unsuccessful. Poly(3cyclohexylthiophene) was successfully prepared, but was found to have low

conductivity (0.0017 S/cm) due to the decrease in conjugation caused by the steric bu

of the side chain78. The effects of torsional strain caused by bulky substituents caus
changes in the band gap structure. The conjugation decreases and the band gap energy

increases. This control over the band gap allows light emission over the full range o

visible light. The effect of large steric strain in the branched chain polymers, poly
70

cyclohexyl-4-methyl

thiophene)

and

poly

(3-cyclohexylthiophene)

has

been

investigated with respect to their performance in light emitting diodes, especially t
ability to emit blue light.
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The effects of bulky groups in the side chains on the conjugation of polythiophene were
found to decrease if separated from the thiophene ring by an alkyl spacer. The increased
distance between the bulky group and the polymer backbone allow the properties of the
substituent to be retained in a conjugated conducting environment. A n example of this
is the chiral polyalkylthiophene poly (3-(S-3\ 7- dimethyloctyl) thiophene)80 which will
be discussed later.

1.5.3 Ether, Alcohol, Carboxylic acid and Ester Substituents
The incorporation of an ether linkage at the 3-position of thiophene has a large effect on
the electronic properties of both the m o n o m e r and the resultant polymer, giving soluble
hydrophilic polymers.15

Oxygen containing side arms can also act as metal co17

ordination sites and molecular recognition can be achieved.

Another advantage of oxygen directly attached onto the thiophene ring is that it lower
the band gap and can stabilise the conducting state. In the case of 3-methoxythiophene,
the polymerisation reaction is hindered and the products are limited to short chain
oligomers. The low oxidation potential enhances the stability of the radical cation upon
oxidation and increases the chance of diffusion away from the electrode surface before
long chains are formed.15'20 However, recently poly(3-methoxythiophene)-bithiophene
composites

have

been

synthesised

on

platinum

and

iron

by

polymerising
o i

methoxythiophene in the presence of catalytic amounts of bithiophene.

t

Catalytic

amounts of bithiophene and terthiophene have also been utilised to increase the rate of
HO

electrochemical polymerisation of poly(3-alkylthiophenes).
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The position of the oxygen in the alkyl chain changes the properties of the polymer. The
presence of two or more alkyl spacers inserted between the thiophene ring and oxygen
increases the conjugation and improves the conductivity of the polymers so that they
comparable with PATs while retaining hydrophilicity. Increasing the length of the

alkoxy chain was found to increase solubility. Poly[3-(3,6- dioxa-heptyl)thiophene)]
shows stable electroactive behaviour in water. It was also one of the first
poly(heterocycles) «-dopable with alkali cations (via reduction with alkali metals),
shows an affinity towards lithium cations.15

Steric factors of polyether chains are believed to be responsible for the reduced
conjugation length of 3,4 disubstituted alkyl polymers. However, poly (3-butoxy-4methylthiophene) 1.5 surprisingly shows greater conductivity (2 S/cm) than poly(3butoxythiophene) and poly(3, 4-dibutoxythiophene).84'85 This suggests that the 3,4
substitution does not induce a large torsional strain into the thiophene backbone.

O.
*0

6
S'
1.4

A n extension of the 3,4-disubstitution of thiophene has led to the synthesis of poly (3,422

ethylene dioxythiophene) P E D O T 8 6 1.6. The stable polymer exhibits conductivities
between 15-31 S/cm, depending on conditions of synthesis and was first used as a thin

film coating for antistatic plastics.87 The favourable properties of PEDOT have led to
numerous publications where the growth and post-growth characteristics have been
studied and modified or improved upon.88'89'90 PEDOT can be derivatised with alkyl or
alkoxy groups91, and PEDOT composites92 and copolymers have also been synthesised.

An example of the novel properties that can be achieved by derivatising polythiophenes
with polyether substituents is seen from the synthesis of the alkoxypolybithiophene,
poly (3,3'-dibutoxy-2,2'-bithiophene) 1.7 by Cloutier and Leclerc. It was found that
polymer, synthesised either chemically or electrochemically, produced almost
transparent films when oxidised to the conductive state.

Functionalising thiophene and bithiophene with alcohols also produces soluble
polythiophenes. It was found that hydrogen-bonding interactions between adjacent

hydroxyl groups substituted onto the bithiophene results in organised solid state pac
in the oligothiophenes.

Thiophene carboxylic acids94 and esters95 can also be synthesised and polymerised to
produce polymers with a range of useful properties.

1.5.4 Molecular Recognition in Polythiophene Derivatives

It has been established that polythiophene and its derivatives can exhibit changes in
conductivity, colour96 and conformation in accordance with environmental changes such
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as temperature, p H , solvent, and the presence of a variety of compounds capable of

interacting in some way with the polymer, usually via side chains. Tuning these sens
properties can be achieved by either attaching completely new macromolecules to the

polymer, or simply by varying the number of alkyl or oxygen links in a polymer chain
• Q7

A recent review by Bryce et al,

specifically focuses on chemosensor devices and

molecular recognition that triggers a change in physicochemical properties that can
monitored by electrochemical behaviour.

Branched alkyl chains with chiral centres or polyethers are the simplest of these
recognition sites. Poly(alkoxythiophene)s show high sensitivity to the conformation

also the number of ether linkages in the side chains. For example, Poly[3-(2,5,8-tri

nonylthiophene)] shows increased solubility and enhanced recognition to include alky
metal ions and BU4N"1"98. The HT regioregular form of poly[3-(2,5,8-trioxa
nonylthiophene)], as seen in Scheme 1.5, exhibits decreased conductivity in the
presence of cations. This is believed to arise from a change in conformation of the
arms that twists the thiophene backbone from planarity." An ionochromic response

also occurs upon interaction of the polymer with Li+ ions in acetonitrile, and there
0+ 0+ •

also a dramatic chemoselective response to Pb
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and H g

in chloroform.
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Similarly, crown ether-like units have been covalently attached to the polythiophenes

providing sensors for metal ions (Scheme 1.6). When no metal ions are present t

binding cavity is flexible and allows the polythiophene backbone to adopt a pla

configuration. However, upon ion complexation, the binding cavity adopts a crow

ether type structure, forcing a twisting of the polythiophene chain. This cause

dramatic decrease in the polymers conductivity and a marked colour change usef
metal ion sensing purposes.100'101

•®
-

M
Non-planar

Scheme 1.6
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Polythiophenes with a crown ether-type group attached to the thiophene P-position via
an alkyl chain have also been prepared102 1.8, although the electrochemical synthesis

made difficult because of the crown ether functionality. The same research group also

found that crown ether-derivatised bithiophene precursors led to polymers with a high
degree of conjugation and a linear response between the decrease of the anodic peak

current and the concentration of the metal cation. Scheib and Bauerle103 have recently
published a comparative study describing the synthesis and characterisation of crown
ether-substituted oligothiophenes and polythiophenes. This paper compared crown

ethers attached to thiophene, bithiophene and terthiophene through an alkoxy chain as
well as crown ethers attached directly onto the mono-, bi-, and ter-thienyl units.

A large amount of work has been carried out towards functionalising conducting
polymers with bio-active molecules such as enzymes104, as well as amino acid. For
example, bithiophene precursors have been functionalised with a nucleobase

5

capable

of recognising the complementary base in the electrolytic solution 1.9.

Polyalkylthiophene has also been functionalised with 1,2-diols and its protected form
produce conductive polymers.106 The synthesis of a diol-functionalised polymer is

significant because (primary) amino groups were easily attached to the polymer via th
alcohol, without affecting the conductivity. This work leads to the incorporation of
functional groups that could potentially immobilise enzymes within the conducting
polymer.
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Both calix[4]arenes and rotaxane like molecules have recently been used to

functionalise polythiophene. Ion interactions can be measured quantitatively thro
the fluorescence response.107'108'109

The electron-acceptor capabilities of buckminsterfullerene (C6o) have recently be

exploited in studies of polythiophenes as semiconducting and photovoltaic devices

of the first C6o-functionalised polythiophenes was based on cyclopentadithiophene

1.10. C6o has also been attached to a bithiophene precursor through an extended a

linker111 1.11. The polymer obtained by subsequent oxidation exhibited an absorpti
maximum at longer wavelengths than 1.10 suggesting an increased mean conjugation
length.

Cross-linked and multiple linked polymers are thought to increase the degree of

polymerisation in several dimensions and in the case of 1.12 create a new type of
i n

binding cavity.
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Metal-containing conducting polymers have recently been studied in order to create gas
sensors, increase the efficiency of energy storage, and for developing modified

electrodes for metal catalysis. Of particular interest are thiophenes functionalised w

porphyrin112'113 1.13, due to their potential as light harvesting devices and their abil
co-ordinate a wide range of metal ions. Co-polymerisation was necessary to form an
electroactive polymer containing such a large substituent.

1.13
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1.5.5 Small Band Gap polythiophene Derivatives.
Conducting polymers intrinsically have smaller band gaps than most organic polymers

due to their extended conjugation. However, the reduction of the band gap even further

is expected to increase intrinsic conductivity, improve non-linear optical propertie
produce films that are transparent in the visible spectrum. Roncali17'114 has published
two recent review articles discussing low band gap conducting polymers. Reducing the
band gap is expected to raise the HOMO and lower the LUMO, therefore decreasing the
potential of oxidation and shifting the reduction to a more positive potential (i.e.

increasing the ease of both oxidation (p-doping) and reduction (w-doping)) (Fig. 1.1).
Conducting polymers capable of both n- and /7-doping are very important for
electrochemical energy storage.

Several strategies have been employed to reduce the band gap width of polythiophenes.

Increasing the rigidity of the polymer structure by minimising rotational and vibrat
disorder increases the stability of the quinoidal phase, which in turn increases the
conjugation (Fig. 1.3). Another method involves the substitution of both electrondonating and electron-withdrawing groups onto the same molecule.'14

One of the first polymers designed to increase the stability of the quinoidal state wa
isothianaphthene 1.14.
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The benzene moiety retains its aromatic structure at the expense of the less aromatic
thiophene to produce a quinoidal structure.115 The electrochemical polymerisation has
been optimised and both n- and;?-doping are observed.116 Attaching an alkyl chain to
the benzene ring has resulted in soluble forms of this polymer.117 The terthiophene

analogue 1.15 has also been prepared and it exhibits a lower oxidation potential and a
smaller bad gap than i.i4.118>119>120

1.15

Other fused ring systems have been reported to produce small band gap conducting
polymers, in particular a widely studied range of small band gap polymers have been
based on bithiophene precursors bridged by an sp2 carbon. The first of these was
cyclopenta[2,l-6:3',4'-6'] dithiophen-4-one121 1.16. The rationale was to increase the
quinoidal character of the polymer by the addition of an electron withdrawing ketone.
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The Tt—7t* transition decreases in energy from that seen for bithiophene, with a minimal
effect on the H O M O energy level. In the polymer derived from the precursor 4dicyanomethylene-4Jr7-cyclopenta [2,l-_»;3,4-_>*] dithiophene122 1.17, the cyano electronwithdrawing group was thought to lower the L U M O energy and decrease the band gap
by enhancing the participation of the primary resonance contributors (i.e. the cyano
groups). The relatively small increase of the anodic oxidation potential caused by a
decrease in the H O M O level usually associated with the substitution of an electronwithdrawing group, was explained using the Hiickel molecular orbital theory.

The

presence of a node in the H O M O fused system at the sp2 4-position was thought to make
the orbital insensitive to substitution.

CN CN

Y

r^

(^} 0_p Q-Q
1.16

1.17

1.18

The calculated small band gap of 0.56 e V for polymer 1.17 is thought to result from
H O M O and L U M O levels in between those of the aromatic and quinoidal structures for
polythiophene. Theoretical calculations suggest that geometrical changes within the
heterocycles result in a combination of aromatic and quinoidal structures, and is induced
by the dicyanomethylene group on the bridged sp 2 carbon123. A number of small band
gap polymers have been synthesised using the bridged sp 2 bithiophene strategy.

The electron withdrawing group dioxolane, when attached to the bithiophene unit via
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sp carbon bridge 1.18, induces a smaller band gap in the resultant polymer than the

ketone 1.16.124 As expected, the dioxolane group also increases the hydrophilicity of

the polymer. It should be noted that the dioxolane would not stabilise the quinoidal
state by withdrawing electrons and that the exact reason for its small band gap is
unclear, although the low oxidation state would be a contributing factor.

Dithienylethylenes and modifications of this structure are also employed as precurso
for low band gap polymers.

The substitution of bithiophene monomers at the 3,3'-positions with both electron-

withdrawing and electron-donating groups to form push-pull type systems has also bee
explored 1.19. A cyano group was employed in order to lower the LUMO level and a

methoxy group was used to counter the increase in the oxidation potential, by raisin
HOMO. However the head-to-head coupling was not conducive for planarity, and

resulted in a large band gap.125 Zhang et al126'127 have investigated the effect of ful
substituted polythiophenes with alternating repeat units 1.20.
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The effect of the cyano group to decrease the L U M O level has been exploited in m a n y

dithienyl ethylene systems and some attempts have been made to combine the dioxolan
sp bridged bithiophene and the cyano-substituted dithienyl ethylene moiety in the
1 OH

low band gap precursor 1.21.

Hi3C6v

CeHi3

O
1.21

1.22

0

1.23

E D O T has also been incorporated into a dithienylethylene precursor 1.22, probably

facilitating its facile polymerisation and low band gap of the polymer between 1.3
eV.129 One of the lowest band gap, stable polymers reported to date is based on

bithiophene and incorporates EDOT and thienopyrazine in the same precursor unit 1.2

Alkyl chains on the thienopyazine increase the solubility of the polymer, while EDO
raises the HOMO level and stabilises the polymer against rapid degradation upon
cycling. The band gap for this polymer is reported to be 0.36 eV.130
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A number of the previously discussed precursors for small band gap polymers have
recently been studied using theoretical analysis to investigate the effects of 3- and
substituted bithiophene on the band gap, HOMO and LUMO levels, total charges and
charge densities.131 The electronic effects of the substituents were broken up into n
and a effects. It was found that electronegativity mainly influences the a-orbitals,

whereas it is the n acceptor and donor capabilities that have the greatest effect on t

band gap. It was found that substitution on the 3,4' positions of bithiophene had litt

effect on the band gap. Substituents did alter the energy levels but the effects on th
HOMO and LUMO were often seen to occur in parallel, with the band gap on average
therefore remaining the same. This may explain why many attempts to decrease the
band gap in conducting polymers have not been as successful as predicted. Salzner132
also investigated various cyclopentadithienyl system with different combinations of

heteroatoms and sp substituents, in order to find a combination which reduced the band

gap instead of moving the energy levels in parallel. It was found that 7t-density need
be withdrawn from the backbone and two acceptor groups are superior to alternating
donor and acceptor groups in producing the smallest band gap.

1.5.6 Chiral Poly(thiophene)s
An enantiomerically pure side chain substituted onto polythiophene can be used to
induce main chain chirality via the adoption of a helical conformation. Such chiral
conducting polymers are potentially useful for selecting between two enantiomers of a
molecule, including their use as optically active membranes for chiral separations.
Optically active electrodes composed of such chiral conducting polythiophenes might
also be employed in electrochemical asymmetric synthesis.
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A range of optically active polymers has been synthesised, an example of which is the
polymer of 1.24. The first evidence of enantioselective molecular recognition by a
chiral conducting polymer was reported when the redox behaviour of poly(1.24) was
examined in the presence of (+)- and (-)- camphorsulfonates. The charge exchange

during redox cycling was 50 % higher with the d-anion dopant for the (2<S)-(+) polyme
whereas the (-)-anion shows the same effect with the (2R)-(-) polymer.134 An example
of a regioregular polymer that exhibits interesting chiral properties is 1.25. '

1.24

/. 5.7 Self-Doped Poly (thiophene) s
The term "self-doped" poly(thiophene)s refers to polymers where the charge
compensating anion is covalently attached to the thiophene backbone. Charge
compensation results in cation expulsion instead of anion inclusion.15 A Sulfonate or
carboxy groups137 are generally used as the doping substituent, which often creates
water soluble polymers as well. The regioregularity of poly (co-(3-

thienyl)alkanesulfonates) 1.26 has been investigated by Holdcroft and Pinto138. It was

found that the ratio of HT to HH is 4:1, comparable with poly(3-alkylthiophene)s when

chemically polymerised using ferric chloride. Zotti and Berlin investigated the anodi
coupling of the fused ring self-doped system of tetrabutylammonium 4-(4i/-
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cyclopentadithien-4-yl) butane sulfonate 1.27.

S03Na
C4H9
so0

®N-C4H9
S°3 C 4 H/ c4H9
(CH2)4

1.27

1.5.8 Silylated Thiophene Derivatives.

Silyl groups substituted at the a-position of thiophene monomers have been found to
activate a-coupling and produce polymers with improved conjugation. 2,5'Bis(trismethylsilyl)bithophene 1.28, upon polymerisation produced free-standing,
conductive films,140 unlike the powdery films often formed from polymerisation of

bithiophene itself. Highly conjugated soluble poly(3-alkylthiophene)s have also be
synthesised using a-TMS substituted monomers.141 Dendrimers and highly conducting
polymers142 based on the tetrathienylsilane143 1.29 have also been sythesised.

Dimethylsilyl units have also been used as part of the insulating matrix in thiophe

oligomers designed to create a highly rigid planar conjugated structure for the s
of molecular wires.144
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/. 5.9. Phenyl Substituted Poly (thiophene) s

A range of poly(3-phenylthiophene) derivatives, with a range of electronically di
groups 1.30 were first prepared by Ferraris et al.145

X= CMe3, Me, OMe, H,
F, CI, Br, CF3, S02Me
1.30

These polymers show several important features. Varying the electronic properties of

the /7-phenyl substituent has a notable effect on the electrochemical properties o
monomer and polymer. Many of the polymers exhibit reversible anodic and cathodic

doping, essential in charge storage applications such as type III capacitors in wh
electrode is/?-doped and the other «-doped when the capacitor is charged.
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A good correlation is observed between the Hammett a constants of the substituents and
the electrochemical behaviour of both the monomers and polymers. The effects are
more pronounced for the monomers, which suggests a decrease in the conjugation
between the substituted phenyl rings and the polythiophene backbone. These effects
will be discussed in subsequent chapters in more detail. It was also shown that the
difference between n- and p-doping potentials is unchanged upon substitution. This

supports theoretical studies by Salzner et al, discussed previously, which suggest th
HOMO and LUMO level are affected by substitution but the band gap in many cases

remains unchanged. Ion transport studies showed that the low n-doping charges of thi
films might be due to slow ion transport through dense films. It was found that only
thin films of PT and PMT gave rise to n-doping. Recent studies have also found that

doping of methyl thiophene was only observed when the small cation Li , as opposed t
TBA, was used as the electrolyte.

1.6 Precursor Alternatives For Polythiophene - Bithiophene and
Terthiophene

The polymerisation of bithiophene and terthiophene 1.31 (Table 1.2) oligomers not on
alleviates the thiophene paradox but also provides a base for the synthesis of more

complex precursors that incorporate bulky substituents, as seen in previous sections.
Two strategies employed by many groups upon unsuccessful attempts to

electropolymerise thiophene-derivatised precursors is to either co-polymerise with a

suitable sterically unhindered co-monomer (to be discussed) or alternatively introdu

thienyl groups to either side of the central ring through the synthesis of terthioph
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derivatives.

1.31

1.6.1 Terthiophenes and Bithiophene as Polythiophene Precusors.
There have been a number of studies, some of which report conflicting results, on the

advantages and disadvantages of using terthiophene as a substrate instead of thiophen
or bithiophene.15'31'71'55'146"151 Most discuss the difference in mean conjugation length
the resultant polymer when grown from substrates of differing chain length. Mean
conjugation length is decreased by the occurrence of a~p coupling (mislinking),

twisting in the polymer chain due to torsional strain, or simply the formation of shor
oligomeric chains.

It was proposed by Krische et al55 that the use of bithiophene and terthiophene as
opposed to thiophene as the substrate should increase the mean conjugation length of
the resultant polymer. This was because there are fewer coupling reactions needed to
produce a longer chain length in the resultant polymer from the already exclusive a-

linked bi- and ter- thiophene. It was thought that the polymerisation of thiophene wou
result in a greater probability of chain defects due to the smaller monomer unit.
Heinze,146 supports this suggestion with studies that produced a polymer from the
electropolymerisation of thiophene that was more disordered than poly(bithiophene)

(PBT).
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Roncali,

however, reported a lower m e a n conjugation length in polymers grown from

terthiophene (TT) and bithiophene (BT) as opposed to the parent monomer, thiophene
(Th). This was attributed to the increased stabilisation of the radical cation formed
upon oxidation of the terthiophene. The increased conjugation length of the
terthiophene substrate, decreases the 95/5 regioselectivity of Ca to Cp, found in the
thiophene monomer.15 The averaging of electron spin densities over the molecule was
thought to statistically increase the a-P' coupling between terthiophene substrates,
which introduces defects into the polymer chain. The coupling reactions of the more

stable terthiophene radical cations are also less favourable, producing shorter oligom
chains instead of true polymers. However, substitution of the P-positions of the
terminal thiophenes with an electron-donating group such as methoxy or methylsulfanyl
has been shown to reactivate the a-positions to produce chains of extended

conjugation.152'153 In general, thicker unsubstituted polyterthiophene films are reporte
to form oligomeric powdery deposits.31,71'148 The formation of oligomers instead of
long polymer chains from terthiophene has been confirmed by Gel Permeation
Chromatography (G.P.C) studies.147'150'154

Solid state polymerisation has, however, been reported by several groups to eventuate i
an increased conjugation length of terthiophene polymers. Zotti et al149 reported the
formation of oligomers from terthiophene that initially had a lower mean conjugation
length than both polybithiophene and polythiophene. Upon potentiodynamic cycling of

the oligomeric film, solid state polymerisation appeared to take place. This resulted i
an eventual increase in mean conjugation length of the terthiophene polymer (PTT) in
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comparison to polythiophene (PT).

Conductivity measurements and UV-visible

spectroscopy supported these results. The increased conductivity of the oligomers upon
solid state polymerisation suggests the formation of oc-a', but not a-P' coupled
oligomers. Solid state polymerisation of oligomers formed from electropolymerisation
has also been reported for substituted terthiophene.150

Zhang et al151 recently reported the growth of PTT with similar mean conjugation
lengths to PT as well as possessing greater electrochemical stability than both PT and
PBT upon potentiodynamic cycling. This was achieved using boron fluoride-ethyl ether

as the solvent and strictly controlling growth conditions to optimise growth potentials
The aim was to find a growth potential that did not over-oxidise the polymer or
inversely that would only produce oligomeric species.

Despite the problems in using unsubstituted terthiophene as a polymer precursor, it is
well known to facilitate electropolymerisation under mild conditions in comparison to
the lower homologues of thiophene and bithiophene.155

1.6.2 Terthiophene Derivatives
Substitution of terthiophene not only lowers the oxidation potential, but may also
alleviate the occurrence of a-P' coupling. However, less work on functionalising
terthiophene, in comparison to thiophene, has been carried out as the synthetic
procedures are more involved.

A range of electrochemically polymerised terthiophene derivatives carrying aromatic

41

substituents have been studied,150 where the para position of the phenyl substituent
carried electronically different groups 1.32. The aromatic substituents when attached

directly onto the P-position of the middle thiophene ring forced the monomer into a non
planar configuration.156 This prevents the side chain from being a part of the extended
conjugation in the system, but the substituents still greatly influence the oxidation
behaviour of the monomers and a clear improvement compared to the unsubstituted
poly(terthiophene) is achieved.

v\ VMe
RH

°r ~^ ^~X

~\)
^

N

X= H, CN, OMe

There are m a n y other examples of substituted terthiophene m o n o m e r s and oligomers.
Derivatives have been synthesised with one or more substituents attached usually to the
p or p' positions of the middle ring.154"164 Yamashita et al165 synthesised conjugated
fused ring terthiophene precursors, where the extended ^-conjugation stabilised the
median thieno[3,4-Z>]pyrazine 1.33. The electron-accepting fused ring stabilises the
quinoidal state to produce small band gap polymers. A similar terthiophene-derived
precursor based on a thieno[3,4-c][l,2,5]thiadiazole median ring 1.34 showed (via X-ray
crystallography) a nearly coplanar structure, due to the through-space intermolecular
interactions between the two nitrogen groups and the sulphurs on the adjacent rings.

42

R2

R2
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The synthesis of S,S-dioxide monomers has lead to a decrease of LUMO energies for
polymers containing these units to produce new «-dopable polythiophenes.167 Fused
rings have also been incorporated onto the middle thiophene,168'169 or on the outer
rings.170 Orthogonally fused terthiophenes have also been synthesised.171 Some

terthiophenes are substituted on the a-positions of the outer rings to create orienta
1 77

dependence

of intercalated oligothiophene derivatives,

or vinyl terthiophene

monomers where polymerisation can occur through the vinyl group and the pendant
terthiophene.173'174 Electrodes have been modified by the electropolymerisation of 1,1'1 7^

bis(5-oligothienyl)ferrocene.

Terthiophenes derivatised with groups able to complex

transition metals176'177 and recently polyterthiophene appended by a transition metal
178

cluster have been synthesised and electropolymerised.

1.6.3 Co-polymers
Co-polymerisation involves polymerisation of 2 different monomers simultaneously to
form a polymer that contains both monomers chemically bonded in either a random or
block structure. Co-monomers are used primarily as spacers between substituted
monomers that carry large or exotic pendant side chains such as amino acids or
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macrocycles (such as monomers carrying tetrathiafulvene substituents17'179 1.35, some
of which have already been mentioned in previous sections. Co-monomers can also be
used when homopolymerisation fails to produce materials with adequate mechanical
properties. Substituted thiophenes have been co-polymerised with a number of comonomers, including 3-methyl-thiophene, bithiophene, pyrrole, furan and phenyl.180
Roncali has reviewed early work on co-polymers.

1.35

Alkylthiophenes have been co-polymerised with a variety of monomers.

Examples

include co-polymerisation of polyalkylthiophenes with co-monomers carrying different

length pendant chains in order to determine the effect of different alkyl chain leng
the layered structures of PATs.181 McCullough synthesised regioregular HT-coupled
poly(3-alkylthiophene) random copolymers and showed that the conjugation can be

tuned by varying the length and relative ratios of the alkyl side chains. Regioregula
polythiophene co-polymers containing hexyl and 11 -hydroxyundecyl side chains have
been synthesised, where the hydroxy groups were protected during polymerisation and

44

were transformed into azide groups after growth. Cross-linking and thermochromic
behaviour was found to occur in this co-polymer upon heating.183 Conducting polymer
gels have been formed from poly(3-n-octylthiophene) co-polymerised with
trithienylbenzene that has fully conjugated reticulation points184 1.36.
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1.36
3-Alkylthiophene was co-polymerised with metal-tetraazamacrocycle complexes 185
along with other co-monomers with bulky pendant side chains. A n example of this is a
thiophene monomer carrying an azo dye pendant group. It was co-polymerised with 3methylthiophene in order to utilise the second order NLO chromophore "Disperse Red
1", in conjunction with interesting third order NLO behaviour apparent in
polyconjugated systems. ' It was stated that the co-polymerisation process is
manifested by the disappearance of an infra-red absorption band at 768 cm"1
characteristic of the C-H deformation in the mono-substituted thiophene ring. This,
however, proves polymerisation took place, but not necessarily co-polymerisation. It

illustrates the difficulty in providing evidence that substantiates the presence of a
i on 1 QQ

co-polymer as opposed to a composite. Kossmehl et al

'

have also synthesised

copolymers containing 3-methylthiophene and thiophene-3-acetate, a monomer with a
high oxidation potential.
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Y a m a m o t o et al

'

have formed alternating charge transfer type copolymers 1.37

containing the electron-donating thiophene ring and the electron-withdrawing
pyrido[3,4-6]pyrazine, from which electroactive polymers capable of both p- and ndoping have been formed. Technically homopolymers were formed from unusual
charge transfer-monomers that contained these units already bound together;
independent co-monomers were not co-polymerised to form one polymer. Along
similar lines, charge transfer interactions in copolymers containing bithiophene and

pyrrole or bithiophene and aniline have also been studied.191 A substantial reduction i

the conductivity was reported as is often found with co-polymers, and was attributed t
probable interruption of the polaronic lattice by the presence of a second monomer.

1.7 Photovoltaic Characteristics of Substituted Polythiophene

Thiophene has proved valuable in photocells.192"195 Attaching a range of functional
groups including photoactive groups such as porphyrins,

9

as previously discussed,

readily modifies thiophene monomers. Poly (3-alkyl thiophene)s have been used as the
photoactive component in Schottky heterojunction diodes197 as well as in
CI

photoelectrochemical cells.

The photoelectrochemical device constructed from

poly(3-methylthiophene) in its reduced state, behaved like a/>-type semiconductor. The

device gave an open circuit voltage (Voc) of 140 mV and a short circuit current (Isc) o
0.35 uA cm"2 under a white light intensity of 100 mW cm"2. When using
monochromatic light, a quantum efficiency of up to 0.6% was obtained.
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Electrochemical

impedence

techniques

have

also

been

used

to

study

the

photoelectrochemical behaviour of poly (3-methylthiophene) and polybithiophene in an
acetonitrile/electrolyte solution.52 It was reported that the photoelectrochemical
undoping of the polymer was an intrinsic part of the photoresponse mechanism along
with the photoelectrochemical reduction of an external redox component in solution.
Even in electrochemically reduced polymers a deeper photoelectrochemical undoping
was found to take place. This may suggest that completely undoped polymers are not a
prerequisite for good photoelectrochemical response.

1.8 The Use of Unsaturated Alkyl Spacers In Polythiophene
Derivatives.

Most work on thiophene derivatives has focused on attaching the substituent through a

saturated carbon link, either straight onto the thiophene ring or through an alkyl spac
This has proved useful in altering the properties of the polymer. However, the nonplanar orientation that often results from alkyl spacers twists the thiophene backbone

because of steric effects and, hence, decreases the conjugation length. Most interactio

between the active sustituent and the thiophene backbone is steric instead of electroni

Lacroix et alm have discuss the significance of grafting substituents onto the thiophen
backbone via a conjugated linker in a recent publication on the electrochemical

polymerisation of poly(3',4'-[bis(Af,N'-ethoxamyl)] terthiophene). The reverse, i.e. th

influence of the thiophene backbones on the substituent via a conjugated linker was als
discussed.
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Attaching substituents through a saturated alkene linker potentially provides a means by

which the electronic properties of the substituent can be incorporated into the exte
conjugation of the thiophene backbone. Not only would this stabilise less stable
compounds such as 1.34, but it would also provide a means for communication between

the properties of the substituent and the thiophene, potentially amplifying the effec

through a conjugated linker. The presence of a trans-alkene bridge is also expected t
induce planarity between the substituent and the polymer chain.

Alkene linkers are commonly used in low band gap polymers 1.22, as discussed in
previous sections. Evidence for an alkene spacer improving the communication and
performance of a conducting polymer has been reported by Zotti et al. The in situ

conductivity of redox-modified polythiophenes was studied; of particular interest bei
modified polymers from ferrocene cyclopentadithiophene precursors 1.38 and 1.39. It

was found that the electron-hopping rate through the conducting polymer was increased
by a decrease in the distance between the ferrocene and the polymer backbone.
Introducing an alkene linker, thereby including the ferrocene in the extended
conjugation of the system enhanced the charge-hopping rate further. The electronexchange rate constant of the ferrocene was increased from 10 to 10 M~ s~ .

1.38

1.39
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The bridged cyclopentadithiophene structure has also been used to incorporate redoxactive groups such as nitrophenyl 1.40 and methylpyridinium 1.41. Again, the presence
of the alkene spacer favourably enhances redox exchange rates during in situ
conductivity measurements.200 The reduced steric effects from cyclopentadithiophenal
polymer precursors were utilised in the crown ether derivatives of 1.42 and 1.43. The

alkene linker induces the substituent in 1.42 to be orientated parallel to the bithiop
unit, while in 1.43 it is perpendicular . Although both monomers are easily

electropolymerised poly(1.43) is completely insensitive to changes in cationic species

co-ordinated within the crown ether, due to the lack of 7i-orbital overlap between the

substituent and the backbone. The more favourable orientation of poly(1.42) allows the
incorporation of the crown ether into the conjugated n- system; hence the sensitivity
electrochemical response of the polythiophene backbone towards different cations.
Changing the electrolyte from Et4NC104 to NaCL04 induces a positive anodic shift of
0.35 V vs Ag/Ag+ during post-growth cyclic voltammetry.

N0 2

j202

Reynolds and Reddinger have reported

the synthesis and electropolymerisation of the

first salicyclidene-based, transition metal complexed-thiophene 1.44. Polymerisation
49

was only successful on the metalated polymer.

The metal is in direct electronic

communication with the conjugated thiophene backbone through unsaturated imine
linkers. This results in a highly electroactive and electrochromic material. The
extension of the ^-backbone to incorporate the metal can help to stabilise redox
reactivity. Monomer 1.44 can exhibit two modes of coupling that include
polymerisation through the p-phenyl positions to form a phenylene backbone, or
alternatively through the thiophene. A thiophene based conducting polymer was found
to result only when the p-phenyl positions were blocked and a terthiophene monomer
001

was substituted at the 3',4'positions with the imine functionally.

//

\\

-s1.44

In 1994 Campbell et al204 reported the synthesis and electropolymerisation of a range of

substituted styryl thiophene derivatives, where the phenyl moiety was connected to the
3-position of the thiophene ring through a conjugated alkene spacer 1.45. It was

proposed that the electronic properties of the substituent could influence the proper
of the polymer through the presence of this conjugated linker.
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i)R=]
ii)R= N 0 2
iii) Rr=NH2
iv)R==OC16H33

1.46

v) R=
=OMe

Various methods employed to form electroactive homopolymers were unsuccessful.
Very thin, predominantly orange-yellow insulating films were deposited on electrode

surfaces with conductivities of 10"6 S/cm. Part II of this study involved the synthesi

electropolymerisation of the same styryl substituents attached to the 2 position of th
thiophene monomer. Similar results to those obtained for the 3-styryl thiophene
monomers were also observed upon electropolymerisation of the 2-styryl thiophenes.205
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Scheme 1.7

The unsuccessful growth of conducting homopolymer films was attributed to either
steric effects of the bulky phenyl substituent or to cross-linking of the polymer via
double bond (Scheme 1.7). To elucidate the problem, density functional theory (DFT)

was used to predict the outcome of electropolymerisation reactions and determine where
radical coupling will take place; by calculating the unpaired electron spin density
distribution of the monomeric cations.20

Compared to unsubstituted thiophene, the electron spin density at the 2- and 5- positi
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was greatly reduced in the styryl substituted monomers. There were high positive spin
densities at the alkene linkage in the corresponding monomeric cation, although still
slightly lower than the 2- and 5- positions. Polymerisation is most likely to occur at
positions with high electron spin density. However, the successful electrochemical
copolymerisation of 3-styryl thiophene 1.46 with 3-methylthiophene206, and the
chemical co-polymerisation of 3-butyl thiophene with 1.45ii to give 1.4751 have resulted
in the production of electroactive polymers. This suggests that polymerisation is
predominantly occurring through the 2- and 5- positions and not the alkyl spacer.

1=1,2,3....
m=0,l,2..
m

n
1.48

1.47

Greenwald et al

i)R= N 0 2
H)R= N M e 2

investigated the photocurrent decay processes taking place in a

copolymer containing the p-nitro styryl moiety 1.45ii. It was found that the electronwithdrawing substituent acts as a trap for electrons in the excited state and
recombination of photoinduced charge carriers is delayed. Charge separation is an
intrinsic requirement for the operation of photovoltaic devices. A photo-diode was
fabricated from a donor-acceptor bilayer consisting of the electron-accepting copolymer
1.48i and the electron donating-copolymer 1.48ii in a p-n junction207. Current
rectification was shown to occur in the forward bias configuration, where the I.T.O.
electrode is negatively biased relative to the aluminium electrode.
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1.9 Outline of Objectives

The aims of this project are:

(1). To synthesis a range 3-styrylthiophene monomers that include 1.49 and 1.50 by a
versatile synthetic pathway, which would potentially improve the ease of tailoring

electronic properties of the polymer. Particular focus will be on substituents that
from electron-withdrawing to electron-donating.

i) R = H , (PhT)
ii) R = N 0 2 , (NT)
iii)R=CN, (CT)
iv)R=OMe, ( M O T )
iii) R = N M e 2 , ( D M T )

(2). T o explore the electrochemical growth of homopolymer films using the monomers

synthesised 1.49 and 1.50, and to characterise these films electrochemically and by
physical methods.

(3). To examine the electrochemical growth and characterisation of copolymers of the
styryl monomers 1.49 and 1.50, with bithiophene.

(4). T o explore the electrochemical growth and characterisation of /?-nitrostyryl
terthiophene 1.51 in comparison with 3'-methylterthiophene (MTT) and the
bithiophene/ styryl thiophene derivatised (PSTD/BT) copolymers.
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1.51

(5). To establish the effect of the substituent and the doping level o

response of the copolymer and homo-polyterthiophene films grown on I.
glass and incorporated into photoelectrochemical cells.
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CHAPTER 2
EXPERIMENTAL METHODS AND
INTRODUCTION TO CHARACTERISATION
TECHNIQUES.

2.1 Monomer Synthesis
2.1.1 Reagents and General methods
3-Methylthiophene (Aldrich) and 3-thiophene carboxaldehyde (Aldrich), NBS, DBU,
sodium hydride, triphenylphosphine, 4-nitrotoluene, 4-methoxybenzaldehyde, 4tolunitrile, N,N-dimethylaniline, 15-crown-5, 4-cyanobenzaldehyde were commercial

products, and were used without further purification. Tetrahydrofuran and 1,4-dioxane
were distilled from sodium metal with benzophenone as the indicator. All other

solvents used for synthesis were AR grade. Chromatography solvents were distilled lab
grade. Nal, potassium carbonate and terephthaldicarboxaldehyde were dried under

vacuum over phosphorous pentoxide. trans, l-[(2',2":5",2m-Terthiophen)-3"-yl)-2-(4""nitrophenyl)ethene (NTT), 3'-methylterthiophene (MTT) and l-(4"dimethylaminophenyl)-2-(3'-thienyl)ethane (DMTS) were provided by Dr Gavin Collis,
Massey University.

Reactions were monitored by thin layer chromatography (TLC) on aluminium backed 60
F254 silica gel plates (Merck). Compounds were detected by visualisation under an

ultraviolet lamp. In some cases reactions were followed by proton n.m.r. analysis, vi

68

infra. Flash column chromatography and rapid vacuum filtration were carried out using
60 silica gel (40-63 urn, Merck). Radial chromatography was carried out with a
Harrison Research 7924T chromatotron using 230 mm diameter glass plates, precoated

with a slurry of silica gel 60 HF254 (63-200 urn, Merck): calcium sulfate hemihydrate
(BDH) (17.5:1) and oven dried overnight (150 °C). Hexane and dichoromethane were

the principle eluents. Cis/trans product ratios were determined by integration of pro
n.m.r. of reaction mixtures.

Melting points of crystalline materials were measured on a Reichert hot stage apparat
and are uncorrected. Infra-red measurements were carried out on a Perkin-Elmer
Paragon 1000 FT-IR spectrometer; only major peaks are reported. 13C and !H nuclear
magnetic resonance (n.m.r.) spectra were recorded on a Jeol JNM-GX270W instrument.
The C n.m.r. was carried out at 68 MHz at ambient temperature with complete proton
decoupling and !H n.m.r. at 270 MHz. The following abbreviations were used: s,

singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, multiplet; a

apparent; subscript Th, thiophene proton signals; subscript Ph, proton signals of the
phenyl ring. Chemical shifts (8) are reported in parts per million (ppm) relative to
chloroform (7.27 ppm for H n.m.r and 77.0 ppm for C n.m.r. respectively) or

tetramethylsilane as the internal standard and coupling constants (J) are given in he
(Hz). Ultraviolet-visible (UV7VIS) spectra were recorded on a Shimadzu UV-3101PC
scanning spectrophotometer. Mass spectral electron impact (EI) measurements were
made on a VG Instruments VG70-250S double focusing magnetic double focusing
magnetic sector mass spectrometer. Crystallographic analysis was performed on an
Enraf Nonius Delft Diffractus 586 diffractometer.

69

2.1.2 Synthesis of Starting Materials
3-Bromomethylthiophene1
3-Bromomethylthiophene was synthesised according to the procedure of Greenwald et
al.l A solution of 3-methylthiophene (10.16 g, 0.104 mol) and NBS (16.6 g, 0.093
in carbon tetrachloride (250 cm^) was heated under reflux for 75 minutes using a
Phillips heat lamp (250 W). The reaction mixture was cooled to room temperature,

filtered and then evaporated to dryness to give a yellow oil (88 %) which was used

without further purification. The *H n.m.r spectmm showed that the product contain

10% of the 5-bromo-3-methylthiophene resulting in an 83% overall yield of the prod
*H n.m.r. (270 MHz, CDCI3) 8 7.29-7.38, m, 2H, HTh; 7.15, dd, J 4.9, 1.2 Hz, 1H,
Hjh; 4.55, s, 2H, Hem-

0 "2

Diethyl 3-Thienylmethylphosphonate '

3-Bromomethylthiophene (21.20 g, 0.120 mol) was heated under reflux in triethyl

phosphite (as the solvent) (240 cm3) with anhydrous Nal (77.0 mg, 0.50 mmol, 0.5 mo
%). After 17.5 hours the reaction mixture was cooled and distilled at 124-126 °C
(0.15mmHg) (Lit3 b.p. 123-133 °C at 0.7 mmHg). The purified compound was a
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colourless oil (67%) which turned pale yellow over time. *H n.m.r. (270 M H z , CDCI3)

8 7.25-7.30 m, 1H, HTh; 7.12-7.16 m, 1H, HTh; 7.02-7.05, m, 1H, HTh; 3.92-4.10 m
3.18, d, JH;P 21.0 Hz, 2H, Hem; 4H, H0Et; 1-24, t, J 7.0 Hz, 6H, H0Et-

13

C n.m.r. (6

MHz, CDCI3) 8 13, 24.6, 26.75, 73.9, 120.2, 122.8, 126.1, 128.0. 31p n.m.r. (109.4
MHz, CDCI3) 8 25.97. EI HRMS : m/z = 234.04797. Calculated for C9H1503PS m/z
= 234.04795.

Diethyl p-nitrobenzyl phosphonate4

4-Nitrobenzyl bromide (11.9 g, 0.055 moles) and Nal (0.28 mmol, 41.2 mg, 0.5 mole

%) in triethylphosphite (94.5 cm3, 91.5 g, 0.55 mol) were heated under reflux for

hours. The reaction mixture was cooled and the crude mixture was subject to colum
chromatography (dichloromethane) to give a pale yellow oil (45 %). Suggested

literature purification4 by distillation (b.p 148-153 °C, 0.1 mmHg ) was unsucce

'H n.m.r. (270 MHz CDCI3) 8 8.18, d, J 4.6 Hz, 2H, HPh; 7.46, m, 2H, HPh; 4.10-3.9
m, 4H, H0Et; 3.24, d, JH,p 22.3 Hz, 2H, Hem; 1.27, t, J6.15 Hz, 6H, H0Et.

Thienyltriphenylphosphonium bromide
A stirred solution of triphenylphosphine (23.0 g, 0.09 mol) and 3-

bromomethylthiophene (14.3 g, 0.08 mol) in DMF (96 cm3) was heated at 100 °C, the
precipitate of the product salt started forming after 5 minutes and heating was

for a further 30 minutes. The salt was washed with DMF then diethyl ether to give

white powder (21.0 g) in 65 % yield. *H n.m.r. (270 MHz, CDCI3) 8 7.80-7.60, m, 1
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H Ph ; app t, 1H, HTh,c2; 7.13-7.11, dd, J4.8, 3.1 Hz, 1H, HTh,c4; 6.68, d app t, 1H, HTh,c5;
5.45,d,J13.8Hz,2H,HCH2.

4-Nitrobenzyl bromide

4-Nitrobenzylbromide was prepared according to the procedure used for the synth
bromomethylthiophene1. 4-Nitrotoluene (20 g, 0.146 mol) gave solid product that

recrystallised from carbon tetrachloride to give white crystalline product (11.

%). lH n.m.r. (270 MHz, CDC13) 8 8.20, d, J 8.7 Hz, 2H, HPh; 7.57, d, J 8.7 Hz, 2
Hph; 4.53, s, 2H, Hem.

4-Methoxybenzyl alcohol

4-Methoxybenzyl alcohol was prepared according to the procedure of Grice et al.
4-Methoxybenzaldehyde (20 g, 0.16 mol) was treated with NaBH4 (3.04g, 0.08 mol)

give the alcohol (18.95 g, 86 %). !H n.m.r. (270 MHz, CDCI3) 8 7.29, d, J 8.8, 2
HPh; 6.90, d, 8.8 Hz, 2H, HPh; 4.61, s, 2H, Hem; 3.82, s, 3H, H0Me; 1.78, s, 1H,

4-Methoxybenzyl chloride

4-methoxybenzyl chloride was prepared according to the procedure of Grice et al

% yield. *H n.m.r. (270 MHz, CDCI3) 8 7.34, d, J 8.8, 2H, HPh; 6.91, d, J 8.8 Hz
HPh; 4.59, s, 2H, HCm; 3.83, s, 3H, H0Me.
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4- Methoxybenzyl triphenylphosphonium chloride

ppfci 0
M e O -"

^

^

2.2

4-Methoxybenzyl triphenylphosphonium chloride was prepared according to the

procedure of Grice et al.5 in 68 % yield. *H n.m.r. (270 MHz, CDCI3) 8 7.75-7.58

18H, HPh and Th; 6.99, dd J 8.8, 2.6 Hz, 2H, HPh; 6.62, d J 8.79 Hz, 2H, HPh; 5.34,
13.9 Hz, 2H, Hem; 3.71, s, 3H, HOMe.

4-Cyanobenzyl bromide

4-Cyanobenzyl bromide was prepared according to the procedure used for the synt
of bromomethylthiophene1. 4-Tolunitrile (12.18 g, 0.104 mol) gave solid product
was recrystallised from carbon tetrachloride to give crystalline product (10.85
!H n.m.r. (270 MHz, CDCI3) 8 7.64, d, J 8.5 Hz, 2H, HPh; 7.50, d, J 8.4 Hz, 2H,
4.48, s, 2H, Hem-

4-Cyanobenzyl triphenylphosphonium bromide

4-Cyanobenzyl triphenylphosphonium bromide was prepared according to the proced

of Grice et al5 in 68 % yield. !H n.m.r. (270 MHz, CDCI3) 8 7.84-7.27, m, 19H, HP
6.07, d, J 16.01, 2H, Hem-
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N,N-Dimethylaminobenzyl triphenylphosphonium iodide

4-Dimethylaminobenzyl triphenylphosphonium iodide was prepared accordin
procedure of Brederck et al6 in 62 % yield. *H n.m.r. (270 MHz, CDCI3)
m, 15H, HPPh; 6.82, dd, J 8.8, 2.42 Hz, 2H, HPh; 6.43, d, J 8.6 Hz, 2H,
12.8 Hz, 2H, Hem; 2.87, s, 6H, HMe-

2.1.3 Thiophene Monomer Synthesis
R
11

11

i) R = N 0 2
ii) R = C N
iii) R = H
iv) R = O M e
v) R = N M e 2

General Procedure (a) The Wadsworth Emmons Reaction Using Phosphonate
Precursors.7
(This procedure was carried out under a nitrogen or argon atmosphere.)
A solution of the phosphonate (0.0206 mol) and aldehyde (0.019 mol) in

cm3) was added to a stirred slurry of NaH (0.50 g, 0.021 mol) and 15-cr

in dry THF (75 cm3) at 0 °C. The reaction mixture was left to stir at r

and was monitored by TLC. Reaction time varied according to the aldehyd

phosphonate used. The reaction mixture was quenched with water (50 cm3)

organic and aqueous layers were separated and the aqueous layer was ext
ether (3 x 30 cm3). The combined organic layers were washed thoroughly
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saturated sodium metabisulphite solution (50 c m 3 ) [to complex any aldehyde present],
water (30 cm3), and saturated NaCl solution (30 cm3). It was dried over potassium
carbonate, filtered and evaporated to dryness to give a solid. The crude product was

decolourised with activated charcoal and recrystallisation was carried out in methano
Purification on a small scale was carried out by column chromatography using
dichloromethane/hexane mixtures as the eluting solvent. This general procedure was
scaled according to the amount of product required.

General Procedure (b) The Wittig Reaction Using Phosphonium Salt Precursors

(This procedure was carried out under a nitrogen or argon atmosphere.)
To a stirred solution of phosphonium salt (0.017 mol) in dry THF (180 cm3) at -78 °C
(liquid air/isopropanol slurry), n-BuLi (1.6 M in hexane, 11.7 cm3, 0.019 mol) was
added dropwise. The reaction mixture slowly turned bright orange, yellow or red

(depending on the phosphonium salt used) and was left to stir for 20 minutes at which
time the aldehyde (0.019 mol) was added. The reaction flask was removed from the
cold bath, wanned to room temperature and stirred for a further 3 hours. It was
quenched with sodium metabisulfite (150 cm3) and stirred for 45 minutes. The organic

and aqueous layers were separated and the aqueous layer was extracted with ether (3 x
50 cm3). The combined organic layers were washed with water (50 cm3), saturated
sodium chloride solution (50 cm3), water (50 cm3) and dried over potassium carbonate.

The solution was filtered and evaporated to dryness to leave a solid, which contained
most cases approximately 17% to 50 % (evaluated by lH n.m.r.) of the cis isomer.
Isomerisation was achieved by the addition of portions of iodine at room temperature
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chloroform to afford the trans isomer only. Isomerisation was monitored by TLC.

The product of isomerisation was extracted with sodium thiosulfate (3 x 20 cm3),

washed with water (2 x 20 cm3) and dried over potassium carbonate. The trans produ
was then filtered, evaporated to dryness and recrystallised from methanol to give
pure compound. Small scale procedures where purified by column chromatography or

radial chromatography. This general procedure was scaled according to the amount o
product required.

o

1,2-Dithienylethene (BisT)

Diethyl 3-thienylmethylphosphonate (5.1 g, 0.022 mol) and 3-thiophene carboxaldehyde

(2.24 g, 0.020 mol) were reacted in accordance to the general procedure (a) for 2.

to give a brown solid that was purified (general procedure (a)) to give white crys

80 % yield. *H n.m.r. (270 MHz, CDC13) 8 7.33, d, J 2.1 Hz, 4H, HTh; 7.24, t, J 2.1

Hz, 2H, HTh; 6.99, s, 2H, Hvinylic. *3C n.m.r. (68.1 MHz, CDCI3) 8 121.8, 122.8, 124.
126.0, 139.9. EI HRMS: m/z 192.005726. Calculated for CIQH8S2 M 192.006744.
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UV/VIS Xmax

(acetonitrile) 290 (log s 4.49), 237 (log e 4.02) nm. m.p. 164-166 °C.

trans-1 -(Phenyl)-2-(3 '-thienyl)ethene (PT)
9

Method (1)
Diethylbenzyl phosphonate (4.72 g, 0.021 mol) and 3-thiophene carboxaldehyde (2.11 g,
0.019 mol) were reacted in accordance to general procedure (a) for 44 hrs to give a
white solid that was purified (general procedure (a) )to give white platelets in an 82 %
yield.

*H n.m.r. (270 Hz, CDC13) 8; 7.25 - 7.54, m, 8H, HTh,Ph; 6.99, d, J 16.3 Hz, 1H,
Hvinylic; 7.17, d, J 16.3 H z , 1H, Hvinyiic. 1 3 C n.m.r. 8 29.7, 122.3, 122.9, 125.0, 126.2,
126.3, 127.5, 128.7, 137.4, 140.2. UV/VIS Xmax

(acetonitrile) 291 (log 8 4.4), 225

(log e 2.35) nm. m.p. 119-121.5°C. EI H R M S m/z = 185.041515 Calculated for
C i 2 H 9 S ! M - H = 185.042497.

l-(4"-Nitrophenyl)-2-(3'-thienyl)ethene (NT)10

Diethyl ^-nitrobenzylphosphonate (8.30 g, 0.038 mol) and 3-thiophene carboxaldehyd
(4.31 g, 0.038 mol) were reacted in accordance to general procedure (a) for 2.5 hrs to
give a yellow/brown solid that was purified (general procedure (a)) to afford yellow
needles in an 85 % yield. * H n.m.r. (270 M H z , C D C 1 3 ) 8 6.98, d, J 16.26 H z , 1H,
Hvinylic; 7.29, d, J 16.26 H z , 1H, Hvinylic; 7.35 - 7.41, m , 3H, H T h ; 7.59, d, J 8.8 H z ,
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2H, H P h ; 8.21, d, J 8.8 Hz, 2H, H P h .

13

C n.m.r. (68.1 M H z , C D C 1 3 ) : 8 29.8, 124.0,

124.6, 126.1, 126.5, 126.7, 127.1, 139.0, 143.9. UV/VIS Xmax 357 (log 8 4.36),
248(log 8 4.05), 199 (log 8 4.34) nm. m.p. 170-172 °C.

l-(4"-Dimethylaminophenyl)-2-(3'-thienyl)ethenen (DMT)

Method 1
Diethyl-3-thienylmethylphosphonate (1.58 g, 6.80 mmol) and 4-dimethylamino-

benzaldehyde (0.89 g, 0.006 mol) were reacted in accordance to general procedure (

for 51 hrs to give a white solid that was purified (general procedure a) to give w

crystals in 43% yield. The crude material contained 7 % of the cis isomer product t
was removed during recrystallisation

Method 2
4-(Dimethylamino)triphenylphosphonium iodide (8.68 g, 0.017 mol) and 3-thiophene

carboxaldehyde (2.10 g, 0.019 mol) were reacted in accordance to general procedure

to give a white solid that contained 17 % of the cis isomer. The product was isomer

and purified (general procedure b) to afford a white crystalline material in 50% yi

this reaction the intermediate ylide was bright orange. lH n.m.r. 8 7.40, d, J 8.8,
HPh; 7.34-7.27, m, 2H; 7.17-7.16, m, 1H, Hit,,™; 6-93> d>

A

P31*

of AB

WartQt>

J 16 0

-'

1H, Hvinylic; 6.90, d, B part of AB quartet, J 16.5 Hz, 1H, Hvinylic; 6.75, d, J 8.
HPh; 2.91, s, HMe, 6H. 13C n.m.r. (68.1 MHz, CDCI3) 8 40.6, 112.4, 118.7, 120.4,
124.8, 125.6, 125.7, 127.1, 128.7, 129.6, 140.7, 149.8. UV/VIS ^max (acetonitrile)
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199 (log s 4.32); 328 (log 8 4.21) nm. EI H R M S m/z 229.091732. Calculated for
C14H15NS, m/z = 229.092521.

l-(4"-Cyanophenyl)-2-(3'-thienyl)ethene (CT)

u

Method 1

Diethyl 3-thienylmethylphosphonate (0.26 g, 1.10 mmol) and 4-cyanobenzaldehyde

(0.131 g, 1.00 mmol) were reacted in accordance with general procedure (a) for 37 hr
to give a yellow solid that was purified (general procedure (a)) to give a cream
crystalline solid in 45 % yield.

Mehod 2

4-(Cyanobenzyl)triphenylphosphonium chloride (23.75 g, 0.057 mol) and 3-thiophene
carboxaldeyde (7.08 g, 0.06 mol) were reacted in accordance with general procedure

to give a yellow solid that contained 50% of the cis isomer. The isomerised product

purified (general procedure (b)) to give a white crystalline material in 90% yield.
reaction the intermediate ylide was bright yellow.

Method 3
Thienyltriphenylphosphonium bromide (0.45 g, 1.10 mmol) and 4-cyanobenzaldehyde
(0.14 g, 1.07 mmol) were reacted in accordance with general procedure (b) to give a

yellow solid that contained 20% of the cis isomer. The isomerised product was purif
(general procedure (b)) to give a white crystalline material in 25% yield. In this
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the intermediate ylide was bright orange. ! H n.m.r (270 M H z , CDCI3) 8 7.63, d, J 8.4,

2H, HPh; 7.55; d, J 8.6, 2H, HPh; 7.37, s, 3H, HTh; 7.24, d, J 16.3, 1H, Hvinyiic; 6.94

J 16.3, 1H, Hvinyiic. 13C n.m.r. (68.1 MHz, CDCI3) 110.3, 119.0, 124.2, 124.7, 126.3,
126.5, 126.6, 132.3, 129.08, 141.8. IR v max 2222.3 (CN), 1654.2, 1598, 1497.4,
1173.7, 966.8, 870.1, 824.0, 775.0, 623.9 cm"1. EI HRMS m/z 210.037877 calculated
for C^HgNiS^ (M-H)+ - 210.037746. UV/VIS ?,max 320 (log s 4.56), 235 (log s
4.06) nm.

l-(4"-Methoxyphenyl)-2-(3'-thienyl)ethene (MOT)

n

Method 1

Diethyl 3-thienylmethylphosphonate (0.26 g, 1.10 mmol) and anisaldeyde (0.14 g, 1.

mmol) were reacted in accordance with general procedure (a) for 24 hrs to give a y
solid that was purified (general procedure (a)) to give a cream crystalline solid
yield.

Method 2
4-benzyl(Methoxy)triphenylphosphonium chloride (6.27 g, 0.01 mol) and 3-thiophene

carboxaldehyde (1.85 g, 0.017 mol) were reacted in accordance with general procedu

(b) to give a yellow solid that contained 50% of the cis isomer. The isomerised pr

was purified (general procedure (b)) to afford a white crystalline material in 67%

In this reaction the intermediate ylide was bright orange. lH n.m.r. (270 MHz, CDCI

8 7.41, d, J8.8 Hz, 2H, HPh; 7.34-7.29, m, 2H, HTh,H2)5; 7.22-7.20, m, 1H, HThH4; 6.95
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A B quartet, J 16.0 H z , 2H, HVmylic; 6.89, d, J 8.8 Hz, 2H, H P h ; 3.83, s, 3H, H 0 Me.-

13

C

n.m.r. (68.1 MHz, CDC13) 8 52.6 (CMe), 111.3, 118.1, 118.7, 122.0, 123.2, 124.6,
127.3, 137.5, 156.3.

trans-/-(2'-(5',10', 15',20'-Tetraphenylporphyrinyl))-2-(3"-thienyl)ethene (Tpp-Th)

(Carried out under an Argon atmosphere)

To a stirred solution of tetraphenylporphyrinyltriphenylphosphonium chloride (10 mg
10.8 umol) in dry dichloromethane (0.5 cm3). DBU (0.5 equiv., 0.88uL, 5.4 umol) in
dichloromethane was added dropwise. After 1 hr a further 0.5 equiv. of DBU (0.88uL,

5.4 umol) in dichloromethane (0.25 cm3) was added and the reaction was stirred for a
further 0.5 hrs. The reaction mixture was directly purified by flash column
chromatography (1:1 dichloromethane/ hexane) to give a brown/purple solid in 95 %

yield. !H n.m.r (270 MHz) 8 8.97, s, 1H, H3.; 8.83, s, 2H, Hp.pyrroiic; 8.77, s, 1H, Hp

pyrroiic; 8.75, s, 1H, Hp.pyrroiic; 8.80 and 8.70, q, J 4.9 Hz , 2H, Hp.pyrro,ic; 8.27-8

8H, HPh; 7.87-7.68, m, 12H, HPh; 7.32, d, J 16.2 Hz, 1H, Hvinyiic.cz; 7.29-7.26, m, 1
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H T h ; 7.19-7.15, m , 1H, H T h ; 6.95-6.92, m , 1H, H T h ; 6.76, d, 16.2 Hz, 1H, HVinyiic,ci; 2.61, br s, 2H, HNH. UV/VIS Xmax 404, sh, (log 8 4.6); 423, (log s 5.6), 520
565 (loge 4.4), 598 (logs 4.3); 656 (loge 4.1) nm. FAB-LRMS: m/z 723 (100%,
MH+). FAB-HRMS m/z 722.2504. Calculated for MH+ C50H35N4S, m/z = 722.2470.

l-(4 '-Formylphenyl)-2-(3' '-thienyl)ethene

Method 1 (Wadsworth Emmons Procedure)
(Carried out under an Argon atmosphere)

To a stirred slurry of NaH (0.02 g, 0.8 mmol) and 15-crown-5 (3 ul) in dry THF (2cm
was added a solution of diethyl 3-thienylmethylphosphonate (0.12 g, 0.50 mmol) and
terephthaldicarboxaldehyde (0.27 g, 2.00 mmol) in dry THF (2 cm ). The reaction
mixture was initially white and turned red after stirring for 17 hrs. The reaction
was carefully quenched with water (15 cm ). The organic and aqueous layers were

separated and the aqueous layer was extracted with dichloromethane (3 X 10 cm ). Th
combined organic layers were washed with saturated sodium chloride solution (10 cm

and then water (10 cm3). The organic layer was dried over potassium carbonate, filt

and distilled under vacuum to dryness to give a red paste. Pure product was obtaine

using from radial chromatography (2:1 hexane/dichloromethane) as a white solid in 2
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% yield.

Method 2- A Simplified Wittig Procedure Using a Solid/Liquid Phase Transfer
Proccess

(The following reaction was carried out under nitrogen.)
To a stirred solution of tmenyltriphenylphosphonium bromide (1.00 g, 2.50 mmoles),

terephthaldicarboxaldehyde (0.33 g, 2.75 mmol) and potassium carbonate (0.44 g, 3.1
mmol) in dry dioxane, water (37.5 pi, 1.5 % by vol) was added. The reaction was

heated under reflux with stirring for 19 hrs, diluted with chloroform and filtered.
reaction mixture was then evaporated to dryness and subjected to flash column

chromatography (2:1 hexane/dichoromethane) to give a pure white solid in 72 % yield.

It was shown by lH n.m.r. to be 100 % trans isomer. Approximately 2 % of the pure disubstuted product was also recovered. The product can also be purified by

recrystallisation from methanol. *H n.m.r. (270 MHz, CDC13) 8 9.99, s, 1H, HCHo; 6.99

d, J 16.3 Hz, 1H, Hvinyljc; 7.87, d, J 8.2 Hz, 2H, HPh; 7.63, d, J8.4 Hz, 2H, HPh; 7.3
s, 3H, HTh. 13C n.m.r. (68.1 MHz, CDC13) 8 191.3

(CCHO),

143.4 (Cquat), 139 (Cquat),

135.1 (Cquat), 130.1 (CPh), 127.2 (Cvinyi), 126.5 (CPh), 126.4 (Cvinyi), 126.1 (Orb), 124.8
(CTh), 123.9 (CT„).
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2.2 A n Introduction to P o l y m e r Characterisation T e c h n i q u e s .

The following section introduces techniques employed in the growth and analysis of
conducting polymer films in subsequent chapters. The electrochemical growth and
polymerisation methods discussed are potentiodynamic growth (cyclic voltammetry),

constant potential (potentiostatic growth) and constant current (galvanostatic growth).
The physical characterisation methods briefly introduced include UV-visible and infrared spectroscopy as well as scanning electron and atomic force microscopy (SEM and

AFM).

2.2.1 Film Growth and Cell Design

Due to the number of variables present during electrochemical polymerisation it is

necessary to control parameters in the electrochemical cell, such as electrode position

and size, as well as electrolyte concentration. The cells used for polymer growth in th
study contained a reference electrode (Ag/Ag+ for organic solvents), an auxiliary and a
working electrode (upon which polymer is deposited). The auxiliary electrode should

have a much larger surface area than the working electrode, so as not to limit the curr

flow. The best positioning of the auxilary in the cell is parallel (facing) to the wor
electrode surface (Fig. 2.1). This allows for the growth of reproducible, homogeneous
films. The electrolyte concentration should be in large excess of the monomer
concentration to avoid limiting the flow of current. This is especially important in
organic solvents.
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Figure 2.1 The cell set up for electrochemical growth and characterisation of
conducting polymer films on a glassy carbon or platinum substrate

2.2.2 Potentiodynamic Growth (Cyclic Voltammetry)13

Cyclic voltammetry (CV) involves scanning the potential according to Figure 2.2a. For
a single electron reversible transfer proccess there are two peaks in a typical cyclic
voltammogram. The oxidation occurs on the positive going sweep and the reduction
occurs on the negative going sweep (Fig. 2.2a-b). The current increases to a peak when
the maximum amount of reactant is being consumed (i.e. the nemst diffusion layer is
established).

A test for reversibility of the redox reaction is the seperation of the anodic (EP;a) and
cathodic (EP;C) peaks:

Ep,a - E P;C = 2.303 R T / « F = 0.059 / n (Eqn 2.1)

For a reversible system the ratio of the anodic peak current to the cathodic peak current
should equal 1.
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Time

Figure 2.2a Voltage and current changes vs time during cyclic voltammetry
Peak anodic
potential E p a
(oxidation)
Diffusion limited
current

Peak cathodic potential
E p c (reduction)

200

400

600

Vim V vs Ag/AgCI

Figure 2.2b A Schematic representation of a cyclic voltammogram of potassium
hexacyano ferrate (III).
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Parameters such as the peak current (ip, amps) for a Nemstian reaction can be obtained
as:
ip = (2.69 x 105) nm A Dm vm c0 (Eqn 2.2)

at 25 °C where n is the number of electrons in the reaction, A (m ) is the area of the
i 0 \

electrode, v (V s ) is the sweep rate of the voltage, D (m s") is the diffusion coefficient

and Co (mol m"3) is the initial concentration of the reactant. From this equation it ca

seen that the current is proportional to the square root of the sweep rate in a reversi
system. The peak potential is independent of sweep rate.

Cyclic Voltammetry is one method used to electrochemically grow conducting polymer
(CP) films. Typically the cyclic voltammograms obtained during film growth are
irreversible, but the CV's can possess the reversible redox responses of the polymer
upon subsequent scans. The deposition of electroactive polymer upon monomer
oxidation increases the conductive surface area of the electrode, hence increasing the

current response. The deposition of a conductive polymer film will usually result in an
increasing current. One of the disadvantages of this growth method is that overoxidation of the monomer or polymer can easily occur if scan limits are not set
correctly.

For electroactive conducting polymer systems the post-growth redox process involves
the migration of a counter anion or cation to maintain charge neutrality in the bulk
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polymer. Therefore, the size and chemical characteristics of the dopant can greatly

affect the diffusion kinetics and electrochemical behaviour of the system, increasing i
complexity. For example in a p-doped system, if the anion is large diffusion out of the
polymer may be hindered, inducing cation inclusion to maintain charge neutrality.
Different stages in the doping process, or heterogeneous films can also add to the
complexity of these systems (some of which will be discussed in subsequent chapters.)

2.2.3 Galvanostatic Growth of Conducting Polymer Films

With this technique the current is controlled by a galvanostat and remains constant
throughout the experiment while the potential is monitored as a function of time
(chronopotentiometry) (Fig. 2.3). When a CP is deposited on the electrode surface the
potential of monomer oxidation starts to decrease due to the reduction in monomer
oxidation potential on the polymer, compared to the bare electrode. The thickness of
conducting polymer films can be controlled by monitoring the charge passed which is
obtained by multiplying the time of the experiment by the constant current (Q = t x I).

E

t

Figure 2.3 Schematic representation of a chronopotentiogram, voltage vs time during
the application of a constant current.
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2.2.4 Potentiostatic Growth of Conducting Polymers

With this approach the potential is stepped from a potential where there is no reaction,
to a set potential where reaction occurs. This is often the onset potential recorded
during potentiostatic growth and the current response is monitored with respect to time
(chronoamperometry) (Fig. 2.4). Switching the cell to the set potential initially
produces a transient (an increase in current due to the charging of the double layer).
This is followed by a Faradaic current, which is induced by the oxidation of monomer
in solution. As a conducting polymer is deposited on an electrode surface, the surface
area increases, therefore increasing the current flow. Charge passed is often measured
by a Coulometer and allows the thickness of the sample to be controlled

I

t

Figure 2.4 A schematic representation of a chronoamperogram for a conducting
polymer, current vs time during the application of a constant potential.
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2.2.5 UV-Visible Spectroscopy of Conducting Polymer Films.

The UV-visible spectra of polymer films grown onto I.T.O coated glass can be analysed
to determine the electronic properties of the deposited polymer. The relative
conjugation length14 and effect of the substituent can also be deduced using this
technique. Most electroactive, conductive polythiophene films, including those
discussed in chapters 5 and 6 are electrochromic. In the reduced form thin films are
observed to be orange/red. Upon oxidation the films turn blue/purple and sometimes
green in colour. This is evidenced in UV-visible spectra by a bathochromic shift in
absorbance, the appearance of a very broad peak at longer wavelengths between 600 nm
and 900 nm, and the appearance of a free carrier tail in the near infra-red region. The
former is generally attributed to the presence of polarons or single charge carriers and

the latter, to bipolaron charge carriers within a conductive polymer. In the reduced form
these absorption bands diminish.15'16

The peaks at short wavelengths are attributed to 71-71* transitions. Comparing the
wavelengths of peaks in this region of the parent polymer or monomer with that of the
substituted analogue can allude to the degree of conjugation and whether it extends to
include the group attached. In cases where substituents are attached through a saturated
alkyl linker, there is general no orbital overlap, preventing the incorporation of the
substituent into the n network. '

An increase in the conjugation length of the polymer results in a bathochromic shift of
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the neutral 7t-7t* transition. The appearance of small shoulders in the absorbance peaks
that are at slightly higher wavelengths usually indicate the presence of longer chain
oligomeric species incorporated within the polymer film. Horowitz reported similar
but more pronounced shoulders in the spectra of chemically prepared sexithiophene, but
explain their presence as being caused by vibrational coupling to the excited states.

Others have also assigned shoulders in polythiophene uv-visible spectra to vibronic sid
bands.21

2.2.6 Infra-red Spectroscopy of Conducting Polymers
Infra-red spectroscopy (IR) is a useful method for the characterisation of conducting

polymers because it does not require polymers to be soluble. It is primarily used for th

detection of functional groups, but analysis of spectra in the lower frequency finger p
region can give evidence of the degree of polymerisation, the extent of mislinking
within the polymer and the effect of substituents on the electronic properties of the
polymer backbone. Characteristic bands of a polythiophene spectrum are assigned in
Table 2.1.

Table 2.1 Infra-red absorbtion bands of electrochemically grown polythiophene
Vibration (cm"1)
f>C v cycle v cycle C-H C-H Cy-H
Stretch

PT

1490

1408

1226

in-plane
bend

Out of plane
bend

1058

785

690

The band at 785 cm'1 is due to the a,ct'-coupling of poly-2,5-thiophene.
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When

mislinking occurs, resulting in a,(3'-coupling, the absorbtion band near 785 cm"1 is
replaced by two bands at 820 and 730 cm"1 that are characteristic of poly-2-4-thiophene
(Fig2.5).15

Poly(2,5-thienylene)

Poly(2,4-thienylene)

1800

1000

1400

600
Wavenumber / cm

Figure 2.5 IR spectra of poly-2,5-thiophene (1) and poly-2,4-thiophene (chemically
prepared (2).

The IR spectra, as expected, changes in accordance to doping level. A large broad band
develops between 1600 and 4000 cm"1, which is due to the presence of charge carriers.

Bands in the range of 1500-600 cm"1 are characteristic of the heterocycle vibrations sh
toward lower energies, and broaden.

2.2.7 SEM and AFM
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy are both surface
analytical techniques that are employed to study the morphology of conducting polymer
film surfaces and are particularly useful for insoluble polymers. Three factors that

inherently affect the surface morphology of a polymer are: the structure of the monomer,

the nature of the dopant and the thickness of the film. Thin polymer films are generally
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homogeneous regardless of the dopant, while thicker films start to incorporate defects
into their morphology and become inhomogeneous.

AFM probes the surface of the sample with a sharp tip, a couple of microns long and

often less than 100 angstroms in diameter. The tip is at the end of a cantilever that i
deflected by forces (Van der Waals interactions) between the tip and the sample. The
measured cantilever deflection produces a computer-generated map of the surface
00

topography.

The size of the probe tip governs the resolution of this technique. In the

x-y axis resolution is typically on the 2 nm scale and 1 nm in the z axis. One of the
main advantages of this technique is that it is carried out in atmospheric conditions.

SEM images a sample that is placed in a vacuum and scanned by an electron beam over
the surface of the film. Electrons are displaced from the surface of the film and are
collected by a detector to eventually form an image of the surface. The resolution in
practise is limited by the lens aberrations to 0.18 nm and the magnification typically
ranges between 2 X and 50,000 X. Samples have to be able to survive exposure to a
vacuum as well as the damaging effect of an illuminating beam of electrons.

2.3 General Methods - Electrochemistry
2.3.1 Reagents and Materials
Thiophene and terthiophene derivatives were synthesised and purified as stated in
previous sections. Bithiophene (BT) (Aldrich), acetonitrile (ACN) (Ajax, UNIVAR),
dichloromethane (DCM) (Ajax, UNIVAR), tetrabutylammonium perchlorate (TBAP)
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(Fluka, Purum), iodine (Ajax, U N I V A R ) , tetrapropylammonium iodide (Aldrich),

propylene carbonate (Aldrich) and ethylene carbonate (Aldrich) were all used without
further purification.

2.3.2 Instrumentation and Characterisation Techniques

Galvanostatic growth of polymers was performed using a PAR 363
Potentiostat/Galvanostat connected to a Macintosh computer via a MacLab/400 (AD

Instruments) with Chart v 3.5.7 software (AD instruments). For potentiostatic growth
however, a BAS CV27 connected to a Maclab/400 with Chart v 3.5.7 software was used
. Cyclic voltammetry (CV) or linear sweep voltammetry (LSV) was also performed

with this set up except that EChem v 1.3.2 software (AD Instruments) was used instea
of Chart. Cyclic voltammograms were also run using using a potentiostat and
Electrolab.

Scanning Electron Microscopy (SEM) of polymer films grown onto glassy carbon disks
was carried out on a Leica Cambridge 440 Scanning Electron Microscope. Atomic
Force Microscopy was carried out on a Digital Nanoscope 3. UV-Visible spectra were
run on a Shimadzu UV-1601 UV-Visible Spectrophotometer. Samples grown on I.T.O.
coated glass were scanned between 300 nm and 1100 nm. Infra-red spectroscopy was
carried out on a BIO-RAD FTS-40. Powdered samples were prepared from KBr and
monomer, or polymer films. Reflectance spectra was obtained from impressed
powdered samples. Samples of the homo- and copolymers were sent to the Australian
National University or Otago University (New Zealand) for elemental analyses.
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Conductivity Measurements
Conductivity measurements were obtained using the 4-point probe method (Fig. 2.6).

The polymers and copolymers were grown on a stainless steel (ss) or platinum (Pt) pla
and peeled off as freestanding films for conductivity measurements. The conductivity
calculated from:
CT

= L / R (A)

where a is the conductivity in S cm"1, L (cm) is the distance between the metal contac

R (Q) is the resistance from R = v (V) /1 (A). (A) is the area of the sample (cm ) and
given by the width multiplied by the thickness of the sample.

Voltage
Multimeter

Polymer
Sample

Galvanostat,
Applied Current
Figure 2.6 Set up for measuring conductivity of thin films, by the 4-point probe
method.

2.3.3 Homopolymer and Copolymer Film Growth
All homopolymers and copolymers were prepared electrochemically in a three-

electrode, one-compartment cell system. The working electrode was either glassy carbo
(GC), platinum (Pt), stainless steel (SS), or indium-tin oxide (I.T.O.) coated glass

95

Technologies) with a sheet resistance of < 10 ohms / cm 2 . The reference electrode was
Ag/Ag+ in a salt bridge containing 0.1 M tetrabutylammonium perchlorate
(TBAP)/ACN and the auxiliary electrode was either platinum mesh or reticulated
vitreous carbon (RVC-ERG Aerospace). Monomer solutions were 0.01 M-0.05 M in
either TBAP (0.1 MVACN or TBAP (0.1 M)/DCM. All monomer solutions were
degassed by sonication prior to film growth.

Working electrodes were cleaned and polished immediately prior to use. Platinum and
glassy carbon electrodes were polished initially with a mechanical polisher then a
polishing pad with aluminium oxide (1 urn). Stainless steel plates were polished
according to Struers method C23. The I.T.O. coated glass was cut into 1 x 3 cm pieces,

washed with detergent, rinsed with water followed with isopropanol and allowed to dry.
The I.T.O. coated glass pieces were finally cleaned in a UV-ozone cleaner immediately
prior to use.

2.3.4 Electrochemical Characterisation by CV.
The electrochemical characterisation of all polymers was carried out in the same cell
configuration as described for polymer growth. Post-growth analysis always took place
in monomer free electrolyte solution of the same composition used for film growth.

2. 4 Fabrication and Testing of Photoelectrochemical Devices

The electrochemical polymerisation and characterisation of polymer films used in
photoelectrochemical cells is described in Chapters 7 and 8.
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2.4.1 Liquid Polyelectrolyte and Device Fabrication.

The

photoelectrochemical

cell (Fig. 2.7) consisted

of the

copolymer film

electrochemically grown onto the I.T.O. coated glass (as the anode) and a counter
electrode of Pt coated I.T.O coated glass with a liquid electrolyte containing an I3""
redox couple sandwiched between them. The platinum was sputter coated onto the glass
using a Dynavac Magnetron Sputter Coater (model SC100MS). The sputtering current
was 50 mA under argon pressure of 2 x 10-3 mBar. The platinum was deposited at 2 A
/s for 5 seconds under these conditions. To avoid short circuiting between the two

electrodes and to retain the liquid electrolyte, thin strips of parafilm were placed ar
the edges of the copolymer. The devices were assembled and held together by two clips,
ensuring that there were no air bubbles trapped in the device.
Solid PE

IT0 coated glass

Pt sputtered ITO coated glass
Polymer or copolymer
Figure 2.7 Photoelectrochemical cell

Liquid Electrolyte.

Iodine (0.152 g, 0.6 mmol) and tetrapropylammonium iodide (1.566 g, 5.0 mmol) were
dissolved in a 1:1 by weight ratio mixture of propylene carbonate (10 ml, 11.89 g, 135
mmol) and ethylene carbonate (11.89 g, 116 mmol).
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2.4.2 Device Testing.
Polymer
Coated ITO

DARK BOX

Platinum
Coated ITO

Counter
Electrode

Potentiostat
Galvanostat
(in series).
Working
Electrode

Reference
Computer

Figure 2.8 The set up for photoelectrochemical cell testing.

The devices were tested immediately after fabrication in a dark box containing a broa
spectrum halogen lamp (SOLUX, 4700 K) at an intensity of 500W/m2. The polymer

coated side was faced to the lamp. A multimeter (HP 34401 A) was connected in paralle
and a BAS CV27 /MacLab/400 setup were connected to the device in a two-electrode
configuration (Fig. 2.8). EChem v 1.3.2 software (AD Instruments) was used to run
Linear Sweep Voltammetry (LSV) with a lower limit of -0.80 V, an upper limit of

+0.40 V and a scan rate of 100 mV/s. This potential range was scanned first in the da

then under illumination to record the change in current due to the absorption of ligh
The maximum voltage achieved under illumination for each device was then used as the

upper limit to determine the current - voltage characteristics over a smaller range w

the lower limit at 0 V. The data from this curve was used to calculate parameters suc
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fill factor and engineering efficiency of the device.

The open circuit voltage (Voc) is the voltage across the cell when the current is zero and
is the m a x i m u m voltage of the device. The short circuit current (Isc) is where the
voltage is zero. Other characteristics of a photovoltaic device are given below.

The Fill Factor (FF) is a measure of how close the energy output of a device is in
comparison with the ideal (Fig. 2.9). It is given by:

FF = Voltage at peak power (V^,) x Current at peak power (1^)
Open circuit voltage (Voc) x Short circuit current (Isc)

The Energy Conversion Efficiency (ECE) is given by:

ECE=

Y^JLIEE

x 100%

total power of light radiating on the cell area

ECE = Vns x L, x FF x 100%
total power of light radiating on the cell area

The Quantum Efficiency (Q) is given by

Q= Number of photons effectively used x 100%
Number of photons absorbed

= Output Energy / absorbed energy.
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,24.

In practise Q % is obtained as

Q = ri.24x!03 x photocurrent density (fiA/cm2)l x 100%
[Wavelength (nm) x Photoflux (W/m2)]

The quantum efficiency is always higher than the engineering efficiency because the

wavelength of light that gives maximum absorption is generally used instead of a br
spectrum white light.

c

^

c
u

t

V

V

Voltage (V)

Figure 2.9 Current-voltage characteristics of a photovoltaic device The maximum

output of the cell is given by the product of IppVpp, where Ipp is the current at pe
and Vpp is the voltage at peak power.
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CHAPTER 3

MONOMER SYNTHESIS

3.1 Introduction

The initial aims of this study were to synthesise a range of conjugated 3-substituted
thiophene monomers that incorporated functional groups with different electronic
properties. These substituents would then be incorporated into the extended n network

of the thiophene polymer. In this way it was hoped to use the electronic effect of the
substituents to control the electronic nature of conducting polymer.

One of the simplest chemical approaches to achieve this is to attach electron donor or

acceptor groups onto a phenyl ring, which is in turn, connected to the thiophene moiet
via a conjugated alkene linker. An alkene linker can be readily introduced into the
molecule using a variety of chemical methodologies. One of the most versatile methods
involves the Wittig reaction, which converts an aldehyde or ketone to an alkene by
reaction with a phosphonium salt (Scheme 3.1).
0
n
C
/

+

§L &
RCH2-PPh3Cl

\

Base/solvent \
>R
•
C=C
/

Ketone or Aldehyde Alkene
Scheme 3.1
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R

Employing this strategy for the derivatisation of thiophene enables a large range of
substituents to be attached to the thiophene via a conjugated linker such as 3.1-3.5,

well as the possibility of synthesising a range of crossed-linked thiophenes such as B
3.6. Compound 3.7 could also be synthesised from the useful building block 3.8.

0
(3.1)R =
(3.2) R =
(3.3) R =
(3.4) R =
(3.5) R =

N02
CN
H
OMe
NMe2

Q
3.6

CHO

The chemical approach using Wittig methodology provided the opportunity to attach a
photoactive group, such as the porphyrin moiety, to the thiophene TppT 3.9. The
porphyrin is a photoactive two-electron redox system with high photo-absorption
properties. The porphyrin is in direct conjugation with the thiophene. Although

porphyrins have previously been attached to polythiophene (Chapter 1.5.3), it has been
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using a non-conjugated linker, therefore limiting communication between the
substituent and polymer backbone.

3.1.1 The Wittig Reaction
Wittig methodology provides a number of alternatives for preparing the desired products

(Scheme 3.2). Procedures (I) and (II) in Scheme 3.2 are both classical Wittig reactions,
coupling a phosphonium salt with an aldehyde to afford a mixture of cisltrans alkene
isomers. Procedures (III) and (IV) are variants of the Wittig reaction known as the
Wadsworth-Emmons (W-E) reaction, in which a phosphonate is used in place of the
phosphonium salt to give predominantly the trans alkene product. These procedures

offer the flexibility of using the thiophene aldehyde or a range of phosphonium salts an
phosphonates as starting materials.
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(IV)
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Y-CHO

( \>

s
3.13

o

Scheme 3.2 M o n o m e r Synthesis involving the Wittig and Wadsworth-Emmons
reactions, a) and b) n-BuLi/-78°C in THF, c) and d) NaH/15-crown-5 in THF

3.1.2 The Wittig Reaction Mechanism '

In the Wittig reaction, the addition of a base such as «-butyl lithium to the phosphon
salt abstracts the proton from the carbon neighbouring the positively charged
phosphorous, to form an ylid. The phosphorus ylid is usually brightly coloured and
formed in situ. Upon addition of the aldehyde or ketone a non-isolable betaine
intermediate is thought to be generated and yields the final alkene product and
triphenylphosphine oxide as a by-product (Scheme 3.3). As is illustrated in Scheme
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3.3, two betaines can be generated, leading to cis and trans isomers. The point of

conjecture in this mechanism, is usually the precise nature of the intermediate.

are no conclusive or reproducible observations of either the betaine 3.14 or 3.1

intermediate3. However, the intermediacy of the discrete betaine structure is mo

widely accepted. The isomeric ratio is dependent on both reaction conditions and

0 ©
RCHPPh3

R..
•?:Ph3
H^R'... 0e
H';c-

R'CHO

+

H

©
-PPh3

R^9'
R.V. I

+

•a,0

H'
3.14 threo

3.14 erythro

H

R

c-

R*..
H":c-

-PPh3

-PPh3

R'...
O
CH'
3.15 a«/i

O

3.15 syn

R

R

R

H

H' R

*C=C
H
H
m-alkcne

frans-alkene

electronic nature of the substrate.

Scheme 3.3 Stereochemistry of the Wittig reaction.
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3.1.3 Wadsworth-Emmons

Reaction Mechanism

In the Wadsworth-Emmons modification of the Wittig reaction, a phosphonate

carbanion is generated, and this reacts directly with a carbonyl group to form an alkene.
The formation of cisltrans mixtures in the W-E reaction occurs essentially by the same
mechanism as described in Scheme 3.3, often with ratios of greater than 90:10 in favour
of the trans-isomex. In general it has been found that placing an electron-withdrawing
group neighbouring the carbanion, results in predominantly or exclusively transalkenes. The trans-betaine is considered to be the most thermodynamically favoured
intermediate, and it has been observed that conditions that enhance the reversibility of
the W-E reaction generally increase the proportion of trans-alkene . This is important
when the fraws-isomer is the desired product.

There are a number of other advantages in using the W-E reaction over the Wittig
reaction. The by-product of the Wadsworth-Emmons reaction is a phosphate, which is
water-soluble and readily removed during aqueous work up of the reaction mixture. In
contrast, the removal of phosphine oxide from the Wittig reaction can often prove
difficult.

Another advantage of this chemistry is that it allows the use of somewhat deactivated
aldehydes such as 3-thiophene carboxaldehye. This can occur because phosphonate
carbanions are more nucleophilic than the identically substituted phosphonium
carbanions, presumably because of the decreased stabilisation of the carbanion by the
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phosphorus. However, one of the drawbacks of the W - E reaction is that it is somewhat
limited to phosphonates carrying stabilising groups, whereas the classical Wittig
reaction is readily effected with non-stabilised, semi-stabilised and stabilised ylids.
Non-stabilised phosphono carbanions, can however, react in W-E reactions under more
forcing reaction conditions.

3.2 Results and Discussion

3.2.1 Synthesis of Starting Materials
Benzyl halides, phosphonate and phosphonium salts were prepared from established
procedures. (Chapter 2.1.2)

3.2.1.1 Preparation of Benzyl Halides and Phosphonium Salts
3-Bromomethylthiophene and benzyl halides were critical precursors in the preparation
of the thiophene monomers and are synthesised via a photocatalysed radical bromination
reaction (Scheme 3.4 I and II). Upon repetition of the thiophene work, by-products
3.18 and 3.19 were formed as a result of electrophillic bromine substitution on the
thiophene ring. The formation of these by-products was found to be dependant on the

concentration and temperature of the reaction mixture, thus the presence of at least 3.1
could be eliminated by employing lower concentrations and higher temperatures than
reported.
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Scheme 3.4 The synthesis of alkyl halide and phosphonium salt precursors

CH3

3.18 3.19

PPh3, HCHO
Me2N/=\

KI CHCl3

> Me2N^ /-xpph+|.
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^—^

pp

h3 I
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Phosphonium salts are easily prepared by an S N 2 reaction of primary and secondary
alkyl halides with triphenylphosphine. The synthesis of the thienyl phosphonium salt
3.10 is illustrated in Scheme 3.4, along with the preparation of two aryl substituted
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phosphonium salts 3.16 and 3.17. C o m p o u n d 3.20 was prepared in a one pot synthesis
from N,N-dimethylaniline.

3.2.1.2 Phosphonate Synthesis4
The alkyl halides were converted to the phosphonates 3.21 and 3.22 by treatment with
triethyl phosphite as depicted in Scheme 3.5 in typical Michaelis-Arbuzov5 reactions.
The mechanism of the Michaelis-Arbuzov rearrangement has been discussed by
Bhattacharya and Thyagarajan6 in a comprehensive review article.

O

NBS

^-\J- —

CC1 4 ho

„

=x Br

/=\/rP(OEt)3

°2N-XJ^ =
^—'

Nal(cat)

/=\

/ (0Et > 2

°*K h"
3.21

O
11
/^?(OBL)2

Br
P(OEt)3
^

s

/

Nal(cat)

^

s

^

3.22

Scheme 3.5 Phosphonate precursor synthesis.

3.2.2 Wittig Chemistry

3.2.2.1 Effect of the Substituents on the Wittig Chemistry.
The W-E procedure was initially employed in the preparation of styryl thiophene
monomers. Sodium hydride in THF was used as the base in the presence of catalytic
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amounts of 15-crown-5, to give the styryl monomer. Typically, the donor or acceptor
group was introduced into the aldehyde, which was dependent on commercial

availability of the aldehyde or substituted. The crown ether was utilised in these Wreactions because it has the ability to solvate the sodium cation yielding unencumbered
hydride anions, which are potent nucleophiles and enhance the reaction rate. The yields

obtained for this procedure are strongly influenced by the substituent attached either t
the aldehyde or the phosphonate (Table 3.1).

Table 3.1 W - E reactions

Phosphonate

Aldehyde

Product

Yield

Cis/trans

I)Diethyl 3-thienylmethyl

Thiophene

3.7

80%

All trans

Phosphonate

carboxaldehyde

(BisT)

II)Diethyl-p-nitrobenzyl

Thiophene

3.1

85%

All trans

Phosphonate

carboxaldehyde

(NT)

(III)Diethylbenzyl

Thiophene

3.3

70%

All trans

phosphonate

carboxaldehyde

(PhT)

(IV)Diethyl

4-cyanobenzaldehyde

3.2

45%

All trans

45%

All trans

43%

1:13

(CT)

3-thienylmethyl
phosphonate
(V)Diethyl

Anisaldehyde

3.4

(MOT)

3-thienylmethyl
phosphonate
(VI)Diethyl

p-dimethylamino-

3.5

3-thienylmethyl

benzaldehyde

(DMT)

phosphonate

Table 3.1 is a summary of the reactants and the corresponding yields during m o n o m e r
synthesis using the W-E. reaction. All of the W-E reactions gave 100% trans products
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except in the preparation of D M T (Table 3.1 entry (VI)), where 7 % cis was produced.
This reaction also gave the lowest yield and is undoubtedly due to the deactivation of
the aldehyde by the electron donating dimethylamino group. Since the thienyl group
3.22 is an electron donor, it is likely that partial deactivation of the phosphonate
carbanion caused it to be less reactive in comparison to the nitrophenyl-substituted
phosphonate 3.21.

The classical Wittig reaction was employed as an alternative to the W-E reaction in

order to improve the yields of monomers, especially those that carried electron-donatin
groups. A summary of the procedures employing phosphonium salts is given in Table
3.2.

Table 3.2 ClassicalWittig Reactions
Phosphonium salt

Aldehyde

Product

Yield

cis/trans

(I) 4-N,NDimethylamino)benzyl

Thiophene

3.5

50%

1:5

triphenylphosphonium iodide

carboxaldehyde

(DMT)

(II) 4-Cyanobenzyl

Thiophene

3.2

90%

1:1

triphenylphosphonium bromide

carboxaldehyde

(CT)

(III) Thienyltriphenyl

4-cyano

3.2

24%

1:5

phosphonium bromide

benzaldehyde

(CT)

(IV) 4-Methoxybenzyl

Thiophene

3.4

68%

1:1

triphenylphosphonium chloride

carboxaldehyde

(MOT)
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Clearly it w a s advantageous to have the substituent on the phosphonium salt. In the
alternate case (Table 3.2 entry III) a poor yield of the monomer was obtained. The
presence of an electron-donating group was still found to have a detrimental effect on
the yield in comparison to phosphonium salts carrying electron-withdrawing
substituents (Table 3.2 entry II).

A comparison of the reactant combinations, IV (Table 3.1), with II and III (Table 3.2),
shows how dramatically the product yield can change in accordance with the electronic
effects of the same substituent on different reactants. The electron withdrawing nitrile
substituent stabilises the phosphonium carbanion in contrast to the thienyl moiety,
explaining, in part, the dramatic increase in yield between III and II.

The availability of the tetraphenylporphyrin phosphonium (TPP) salt, allowed the
synthesis of 3.9 in high yields. The TPP phosphonium salt was reacted with 3thiophene carboxaldehyde in the presence of the base D.B.U. in dichloromethane, to
form a monomer where the thiophene is in direct communication with the porphyrin via
the alkene linker.

3.2.2.2 Effect of Substituent Upon Isomerisation.
The desired trans product could easily be obtained from cis/trans product mixtures by
the isomerisation of the mixture in the presence of iodine. Isomerisation using iodine is
a heterolytic process (Scheme 3.6), and is believed to involve the addition of iodine
across the double bond, rotation to the more thermodynamically stable s-transconformation and subsequent elimination of iodine. The rearrangement proceeds via a
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carbocation intermediate that could potentially be influenced by the electronic properties
of substituents.

The ease of isomerisation of the substituted monomers was greatly affected by the
nature of the substituent. A small amount (less than 3 mol %) of iodine was required in
solution to isomerise monomers carrying electron donating groups, especially the
dimethylamino group. The addition of an excess of iodine appeared to result in
polymerisation of the monomer. In contrast, the monomers carrying electronwithdrawing substituents required the addition of more iodine to effect isomerisation of
the monomers, and polymerisation due to the addition of too much iodine was never
observed. The presence of an electron donor group like dimethylamino not only
increases the nucleophilicity of the alkene by increasing the electron density, but also
stabilises the formation of the carbocation intermediate during isomerisation. This
shows the dramatic effect of the substituent on even the simple process of isomerisation
and exemplifies the conjugated nature of these monomers.

I ^ '

Carbocation stabilised by
electron donating group

S c h e m e 3.6 The cis/trans isomerisation mechanism using iodine.
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3.2.2.3 Crystal Structure
Suitable crystals of the frara-nitro-styryl thiophene derivative NT were obtained and
subject to x-ray crystallographic analysis.8 The resulting ORTEP diagram is given in
Figure 3.1, which confirms the planar structure of the trans isomer of the substituted
styryl thiophenes. The uninterrupted n conjugation, extends between the thiophene and

the substituent making it likely that the electronic properties of the substituent will ha
an effect on the physical and chemical properties of the thiophene ring.

Figure 3.1 Crystal structure of N T

3.2.2.4 The Electronic Nature Of Substituents
The substituents employed in this study range from strongly electron withdrawing
(nitro) to strongly electron donating (dimethylamino). The electronic effects and
properties of substituents, can include several different and sometimes opposing
electronic effects. This can sometimes make it difficult to predict how individual
systems, exposed to varying conditions, will respond under the influence of these
substituents. Electrical effects can be broken into components that include, inductive
effects (caused by bond polarity in sigma bonds), field effects (predominantly through
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space interactions) and resonance effects (operating through /r electrons)9. The Hammett
constant (G°R) is an accurate way of summing up these effects. The G 0 R value measures
the ability to delocalise n electrons into or out of an unperturbed or "neutral" benzene
ring. The most satisfactory G ° R values are obtained from the

13

C chemical shifts of

substituted benzenes. A positive value for a indicates electron withdrawing and a
negative value is electron donating (Table 3.3). Therefore this demonstrates that the
nitro group is good n electron acceptor and the dimethylamino group is a strong n
electron donor.

Table 3.3 H a m m e t t Constants
Group

G°R

N02

0.15

CN

0.08

H

0

OMe

-0.42

NMe2

-0.55

Different substituents interact with extended n network in different ways depending on
their orbital configurations, for example, the methoxy substituent interacts with the n
system of the m o n o m e r through its lone pair electrons. It does not have suitable
acceptor orbitals and can only donate, not accept n electrons.10 Like the methoxy
substituent the dimethylamino group donates electrons via its lone pair.10'11 Electron
spin density12 and second-order perturbation theory10 studies of amino-substituted
thiophenes have also established the ability of the amino groups to donate n electrons to
the conjugated thiophene backbone.
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For the cyano group the ^-withdrawing effects dominate the overall properties of the
substituent, but it also has a ^-electron donating component.10 TT Electron donation
would result in a positive charge on the nitrogen, however, the effect of the n

delocalisation is to attenuate the withdrawing, inductive effects of the substituent.11 The
strong electron withdrawing effect of the nitro group is partially due to its negative
inductive properties as well as resonance effects, which delocalises negative charge onto
the oxygen atoms13. The complex interactions of electronic properties of these
functional groups can be seen to effect the physical properties the compounds they are
attached to.

3.2.3 Characterisation of Monomers

3.2.3.1 Effect of Substituent on the UV-Visible Spectroscopy.
Changes in the UV-visible spectra of the monomers 3.1-3.5 indicate an extension of the
thiophene conjugation to include the substituent. In contrast, aryl substituted
terthiophenes were reported to show little change in absorption with respect to the
substituent due to the non-planar structure.14 Table 3.4 summarises the UV-visible
absorption characteristics of the substituted monomers. Little work has been done on
classifying the bands in the thiophene spectra, which has been likened to a cis diene.
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Table 3.4 Peaks in the UV-Visible spectra of Styryl Thiophene Derivatives (STD)
monomers. Wavelength (X), extinction coefficient (s).

Wnm

A,2/nm

El

E2

Th

231

-

7100

-

N T (3.1)

248

357

11200

22900

CT(3.2) 235

320

11500

36300

PhT(3.3) 225

291

220

25100

MOT (3.4) 212

300

16500

31100

DMT (3.5) 199

328

20900

18600

Clearly, the nature of the substituent effects the UV-visible absorption spectra. The

extended conjugation of the thiophene and phenyl moieties is the main contributor to
absorption spectra. The presence of broad B bands (benzenoid bands) between 230 and

270 nm are characteristic of aromatic and heteroaromatic molecules and are due to th
n-n* transitions in conjugated systems as well as K bands seen in conjugated di or
polyene systems, and are characterised by large extinction coefficients. The X\
absorbance resembles the Ei band seen in benzene and aromatic structures, which are

observed near 200 nm. The presence of substituents often brings the band into the ne
UV-vis region.15

Substituents such as the nitro and cyano groups are chromophores and can absorb U V visible energy, whereas the dimethylamino and methoxy groups are auxochromes,
which are saturated groups with non-bonding electrons. When attached to the styryl

thiophene they can alter the wavelength and intensity of the absorption. The nitro g
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undergoes n-7i transitions which appear at longer wavelengths than n-n transition. The
nitro group causes a red shift and an increase in intensity of the K band because of the
increase in the number of resonance forms. A shift of approximately 65 nm15 is
expected upon the substitution of a nitro group onto the phenyl, which is close to the
difference between the values for NT, 357 nm and PhT, 291 nm. The dimethylamino
group caused a larger bathochromic shift (A,2) than the nitrile group and the methoxy had
the smallest influence on the absorbance.

3.2.3.2 Effect of Substituent on Infra-Red Spectroscopy
Typical thiophene aromatic ring stretches are observed at 1493, 1441 and 1349 cm" .
Phenyl stretches are seen in the 1500 cm"1 region and the alkene stretch is a medium to
small peak in the low 1600 cm"1 region, due to the extended conjugation. Table 3.5

gives the main peaks associated with the substituted styryl thiophene spectra, along with
those assigned to the various functional groups attached. The presence of the
substituents has a definite effect on the position of the IR shifts.

The presence of electron donating substituents appears to decrease the frequency of

alkene stretch, along with the characteristic phenyl and thiophene stretches. The greater
mesomeric effect of the nitro group may explain why the bands are at lower
wavenumbers than those associated with CT, despite its greater overall electron
withdrawing capabilities.
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Table 3.5 Main IR bands found for S T D monomers

Monomer

N T (3.1)

Functional

Alkene

Thiophene

Phenyl

C-S

Group(cm_1)

(cm1)

(cm1)

(cm1)

(cm1)

1489

1593,1512

625

1497

1599

624

1495, 1448

1575

621

1466,1441,

1575,

1520, 627

1418

1505

1444

1527,1511

N0 2 ,

1513, 1628

1345
CT (3.2)

CN, 2223

1637, 1675

PhT (3.3)
M O T (3.4)

D M T (3.5)

MeO, 1311

NMe2,1357

1601

1607

3.2.3.3 Effect of the Substituent on

625

H n. m. r. Spectroscopy.

The typical H1 n.m.r. chemical shifts in thiophene (Th)15 and 3-methylthiophene (MT)
are displayed in Table 3.6. The H2 and H5 signals are deshielded by the sulfur and
usually appear down field of the H4 signal. The aromatic nature of thiophene causes the
protons on the thiophene ring to appear in the region around 5 7 ppm. Coupling occurs
between adjacent protons and those across the ring 3.23. Substitution of thiophene
complicates the coupling pattern and it can be difficult to distinguish the coupling

values. For this reason the thiophene signals are often reported as multiplets. Note tha

the positive inductive effect of the methyl substituent shifts the proton signals up fie
MT in comparison with Th.
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H4

CH3

H5^S/^H2
72,5
3.23

Table 3.6 Thiophene (Th) and 3-Methyl thiophene ( M T ) lH n.m.r. chemical shifts and
coupling constants.

Th

Coupling

MT

Coupling

8 15 /ppm

Constant 15 (Hz)

8/ppm

Constant (Hz)

H2

7.30

J2,3 5.4

m (7.28-7.25)

H3

7.10

J3,44.0

H4

7.10

J2,4 1-5

m (6.96-6.93)

J2,4 1-5

H5

7.30

J2;5 3.4

m (7.28-7.25)

J2>53.38

J4;5 3.05

A typical spectrum of the styryl-substituted thiophenes is seen in Figure 3.2, and a
comparison of the proton shifts of the different monomers is seen in Table 3.6. The two
doublets at 6.98 and 7.29 p p m (Fig. 3.2) have coupling constants of 16.2 H z which is
characteristic of coupled trans protons on di-substituted alkenes. The cis isomer is not
present in Figure 3.4 but appears as a doublet with a smaller coupling constant of
approximately 9 H z , for these compounds. The three thiophene proton resonances are
situated in the multiplet between 8 7.35 and 8 7.4. The difference in chemical shift
between H 2 , H 5 and H 4 in styryl thiophene derivative N T is considerably decreased,
from that seen in thiophene and methylthiophene, and the thiophene protons are shifted
downfield from those stated for thiophene and methylthiophene (Table 3.5). This is
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probably due to the deshielding effect of the electron-withdrawing group, as well as the
extended conjugation in the NT monomer. The two doublets at 8 7.59 and 8 8.21 are
due to the phenyl ring.

Hih

Hph

H Ph

-i

1

1

n

r

,

1

6.8

1

1

1

1

| —
6.S

Figure 3.2 lH n.m.r. of N T (-N02)

The shifts in Table 3.6 show a trend with respect to the substituent. The electron
withdrawing substituents appear to induce a shift of the signals down field, whereas
electron-donating substituents shift the spectra up field. The chemical shifts between
the H2, H5 and H4 are clearly separated when an electron donating group is present, but
become less distinguishable in the presence of an electron withdrawing group. It is of
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interest to note that the ! H n.m.r of C T (Fig. 3.3) and aldehyde 3.9 display thiophene
proton resonances that have all merged to form a singlet.

Table 3.7 Chemical shifts of substituted styryl thiophene monomers (illustrating the
effect of the substituent)

Alkene

ThH4

Th H2, H5

Aryl

N T (3.1)

6.98 (d), 7.29(d)

7.35-7.40(m)

7.35-7.40 (m)

7.59(d), 8.21(d)

C T (3.2)

6.94 (d), 7.23(d)

7.37(s)

7.37 (s)

7.55 (d), 7.63(d)

P h T (3.3)

6.99(d), 7.17(d)

7.30-7.27(m)

7.54-

7.25-7.54 (HTh,Ph)

7.29(HTh,Ph)
M O T (3.4)

6.89(d), obscured

7.20-7.22(m)

7.34-7.29 (m)

6.89 (d), 7.41(d)

D M T (3.5)

690 (d), 693(d)

7.16-7.17(m)

7.34-7.27 (m)

6.74(d), 7.40 (d)

The coupling pattern of the alkene protons also changes from an A X type coupling
system (Fig. 3.2) for NT (3.1) and CT (3.2), where the spin coupling is between protons
with very different chemical shifts to an AB coupling (Fig. 3.4) for MOT (3.4) and
DMT (3.5). AB coupling occurs in a two proton coupled system, in which there is a

small difference in chemical shift between the protons and a large coupling constant (16

Hz). In this instance the chemical shift of the doublet is not the midpoint, but is taken
more as the center of "gravity".15 An electron donating group such as an amine has
been shown to increase the electron spin density at the alkene positions, and induce
1 0

almost identical spin densities at the alkene positions

in styryl thiophene systems.

This supports the changes seen in the coupling and chemical shifts of the !H n.m.r
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spectra. The ability of the styryl substituent to effect the chemical environment of the
thiophene protons is further evidence for the electronic communication through the
alkene linker.

H Th

H c=c

Figure 3.3 ! H n.m.r. spectra of C T (-CN)

Figure 3.4 *H n.m.r spectra of D M T (-NMe2)
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Hc=

3.3 Conclusion

The Wittig reaction has proved to be a simple and versatile means to attach subs

onto the thiophene through an alkene linker. The proven planarity of the molecul

been shown to allow conjugation and communication between the substituents and t

thiophene which has the potential to change the properties of a polymer backbone
these properties are carried through to the polymer system.
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CHAPTER 4
HOMOPOLYMERS
OF
SUBSTITUTED STYRYL THIOPHENES
4.1 Introduction
This Chapter focused on the electrochemical properties and electropolymerisation of
seven monomers, five of which are styryl thiophene derivatives (STDs): l-(4"nitrophenyl)-2-(3'-thienyl)ethene (NT), l-(4"-cyanophenyl)-2-(3'-thienyl)ethene (CT),
l-(phenyl)-2-(3'-thienyl)ethene (PhT), l-(4"-methoxyphenyl)-2-(3'-thienyl)ethene
(MOT) and l-(4' dimethylaminophenyl)-2-(3'-thienyl)ethene (DMT). The l-(4"dimethylaminophenyl)-2-(3'-thienyl)ethane (DMTS) monomer also contains a
dimethylamin group but has a saturated linker. The 1,2-Dithienylene (BisT) monomer
has two thiophene rings attached via an alkene linker.

N02 CN H

OMe

NMe2

DMT

NMe 2

BisT

DMTS
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A comprehensive study of the electrochemistry of some of these monomers has already

been carried out. Therefore, a brief study was required to confirm previous findings
comparison of DMTS and DMT allows the effect of the linker to be investigated.

4.2 Experimental

The electrochemical cell set up and electrodes were as described in Chapter 2.3.3 an
monomer solutions were 0.05M in TBAP (0.1 M or 0.05 M)/ACN. The electrode

substrates were Pt, GC or I.T.O. coated glass and the reference electrode in all cas
Ag/Ag+. The attempted electrochemical growth of homopolymers was carried out using
potentiodynamic, galvanostatic and potentiostatic methods.

4.3 Results and Discussion

4.3.1 Growth of STD Homopolymers.

4.3.1.1 Potentiodynamic Growth of STD Homopolymer.
A large range of growth parameters were employed in an attempt to obtain
homopolymer films. Cyclic voltammograms of each monomer were obtained over, a
number of potential ranges, scan rates and oxidation potentials of the different

monomers were obtained Table 4.1. As expected, the substituent did have an effect on
the oxidation potentials, with the most electron-withdrawing substituent (nitro)

increasing the oxidation potential to 1.00 V and the most electron donating substitu
(dimethylamino) dramatically decreasing the oxidation potential to 0.15 V. These
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results are in agreement with literature1'2 the Hammett constant of a substituent is
proportional to the oxidation potential of thiophene except in the case of M O T (Table
4.1).

Table 4.1 Monomer (0.05 M) oxidation potentials in 0.1 M TBAP/ACN.
Monomer

Oxidation Potential/V (vs

Hammett constant

Ag/Ag + )

a° R

NT (-NO2)

1.00
"~~~

0T5

CT (-CN)

0.9

0.08

PhT (-H)

0.85

0

M O T (-OMe)

0.70

-0.42

D M T (-NMe2)

0.15

-0.55

D M T S ( N M e 2 ) non-conjugated

0.5

-0.55

The substituent has an effect on the oxidation potential because it alters the HOMO
(highest occupied molecular orbital) energy level of the monomer.

A n electron

withdrawing substituent decreases the H O M O energy level which increases the potential
required to abstract an electron and oxidise the monomer.

Electron donating

substituents raise the H O M O energy level therefore decreasing the potential required to
oxidise the monomer.

The monomers were subjected to potentiodynamic cycling between 0 V and switching
potentials that were both close to, and well above the oxidation potential of the
individual monomers. In all cases the cyclic voltammograms displayed a non-reversible
oxidation peak regardless of scan rate. U p o n repeated cycling the current response
decreased, indicating the presence of an insulating layer on the electrode surface (Fig.
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4.1-4.2a-b). Decreasing the switching potential to a point just above the oxidation
potential of the monomer decreased the rate of current decline (Fig. 4.2a). Increasing
the switching potential to well past the peak potential of the monomer as in Figure 4.2b
increased the rate of current decline.

180
140

<

1st Cycle

100
60
20
-20
-0.2

-0.7

0.3

E(V)

1.3

0.8

1.8

Figure 4.1 C V obtained during the oxidation of N T (0.05 M in T B A P (0.1 M ) / A C N ) ,
upper limit +2V, lower limit -1 V (vs Ag/Ag + ), scan rate 10 mV/s.

0.4

0.5

0.7

0.6

0.8

0.9

E(V)

Figure 4.2a C V obtained during the oxidation of C T (0.05 M in T B A P (0.1 M ) / A C N ) ,
upper limit +0.9 V , lower limit 0 V, scan rate 10 mV/s.
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Figure 4.2b C V obtained during the oxidation of C T (0.05 M in T B A P (0.1 M ) / A C N ) ,
upper limit +1.5 V, lower limit 0 V, scan rate 10 mV/s.

In most cases a film was not observed except in the case of P N T , where a thin, yellow,
non-electroactive film was grown over approximately 10 cycles on glassy carbon. The
UV-visible spectrum of the film shows little change in the region above 700 n m upon
reduction (Fig. 4.3). In this wavelength range polaron and bipolaron bands appear in the
oxidised form of electroactive polythiophenes. This supports the lack of redox activity
during post-polymerisation electrochemical characterisation.
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Figure 4.3 UV-Visible spectra of P N T in its oxidised and reduced state.

C V s for oxidation of D M T showed that the current response did not decrease but
became diffusion limited, indicating no deposition on the electrode surface (Fig. 4.4)
This is not unexpected due to the low oxidation potential of the monomer and hence the
stability of the radical cation formed upon oxidation. '
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Figure 4.4 C V obtained for the oxidation of D M T (0.05 M in T B A P (0.1 M ) / A C N ) ,
upper limit +0.8 V , lower limit -1.2 V (vs Ag/Ag + ), scan rate 10 mV/s, 3 cycles.
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The small reduction Epci is similar to that reported for the reduction of H +

ions is

solution.6

4.3.1.2 Galvanostatic Growth ofSTD Homopolymers.
Galvanostatic growth of homopolymers was attempted over several current densities
ranging between 0.2 m A / c m 2 and 5 m A / c m 2 for up to an hour. Table 4.2 gives the
initial faradaic potential of monomer solutions held at a constant current of 1 m A / c m .
The initial potential observed, upon application of current, changed depending on
current density. The chronopotentiograms display increases in potential for oxidation of
all monomers immediately after the application of the constant current, with some sign
of non-electroactive film growth. The increase in potential suggests the presence of an
insulating film on the electrode. Figure 4.5 is a typical example of galvanostatic
growth.

Table 4.2 Monomer Oxidation Potentials (vs Ag/Ag+) from Galvanostatic Growth
(current density 1 mA/cm 2 ). Monomer solutions 0.05 M in T B A P (0.05 M ) / A C N
Monomer

Onset of Oxidation (V vs Ag/Ag + )

NT(-N02)

1-24

CT(-CN)

1.2

PhT(-H)

105

M O T (-OMe)

0.77

DMT(-NMe2)

0.19
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Figure 4.5 Galvanostatic growth (1 mA/cm ) of PPhT. Monomer concentration 0.05M
inTBAP(0.05M)/ACN.

4.3.1.3 Potentiostatic Growth of Homopolymers
Potentiostatic growth of homopolymers was attempted at the potentials neccesary for
oxidation of the monomers as obtained from (Table 4.2). The current response in the
chronoamperograms decreased during the intial stages and continued decreasing over

time, again indicating the formation of an insulating film on the surface, although no
film was visible.
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4.3.2 Homopolymerisation of D M T S
NMe 2

o
o
DMTS
The electrochemical characterisation of a hydrogenated S T D m o n o m e r was carried out,
where the substituted phenyl was attached to the thiophene via a saturated linker. This
allowed a comparison of the unsaturated and saturated linkers and their effect on
polymerisation. The saturated analogue of D M T , namely D M T S was investigated and
homopolymerisation was carried out under the same conditions as for D M T . The
oxidation potential of D M T S was determined to be 0.5 V by both potentiodynamic and
galvanostatic growth methods, as opposed to 0.15 V for D M T . The C V of the D M T S
over 3 cycles is shown in Figure 4.6. The peak potential at 0.77 V (Fig. 4.6) is
followed by a diffusion limited current, similar to that observed in Figure 4.3 ( D M T )
but at higher potentials. U p o n repeated cycling the current neither increased nor
decreased, and a green substance (probably soluble oligomers) was seen diffusing away
from the electrode surface. N o film was visibly deposited onto the electrode surface and
the consistent current response suggested that no film was present. N o response was
observed during post-polymerisation cycling of the electrode used during m o n o m e r
oxidation.
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Figure 4.6 C V obtained from the oxidation of D M T S (0.05 M / T B A P (0.1 M ) / A C N ) ,
Upper limit +1.1 V, lower limit -1 V (vs Ag/Ag + ), scan rate 50 mV/s, 3 cycles.

This result confirms that the unsaturated linker dramatically improves the
communication between the substituent and the thiophene. It has been reported by
others1 that conjugated S T D monomers did not form electroactive homopolymers due to
polymerisation through the alkene linkage. However, the similarity between the results
of D M T and D M T S suggests that the inability to form conducting homopolymers of
D M T m a y not be a result of polymerisation occurring via the alkene linker, but m a y
also be as a result of either steric factors or the stability of the radical cations formed
upon oxidation and the subsequent formation of soluble oligomers
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4.3.3 Homopolymerisation of BisT.

BisT
The 1,2 dithienyl ethene monomer (BisT) was of interest for the potential to cross-link
polymer chains through the alkene linker. Most of the electrochemistry for cross linked
thiophenes has concentrated on monomers where the alkene links the two thienyl groups
via the C27'8'9 instead of the C3 position, whereas BisT allows polymerisation to occur
via the C2 and C5 positions.

4.3.3.1 Electrochemical Growth and Characterisation ofPBisTBy CV
Electrochemical growth of PBisT was carried out on glassy carbon in the same manner
as for the STD monomers (Section 4.3.1.1). The monomer concentration was varied
between 0.01 M and 0.05 M with little or no visible effect on electrochemical behaviour
of the monomer. BisT was found to oxidise at 0.8 V (Fig. 4.7). Upon repeated cycling
a blue/green or black film (depending on thickness) is deposited on the electrode
surface. However, the current passivates with repeated cycling, indicating the film was
not electroactive.
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Figure 4.7 CV obtained for oxidation of PBisT (BisT (0.05 M)/TBAP (0.1 M)/ACN).
Limits -0.2 V to 1 V (vs A g / A g + ) , scan rate 10 m V / s .

The post-growth CV of the homopolymer displayed a small non-reversible oxidation
peak at +0.7 V which shifted to higher potentials o n subsequent cycles (Fig. 4.8).
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Figure 4.8 Post-polymerisation C V of PBisT (TBAP (0.1)/ACN). Limits -0.5 V to 1 V
(vsAg/Ag + ), lOmV/s.
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Optimising the potential limits during cycling did not induce a reversible redox response
in the homopolymer. Figure 4.9 shows a film grown forlO cycles, the redox response at
0.7 V can clearly be seen to increase with each cycle.
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Figure 4.9 CV obtained for the oxidation of PBisT (TBAP (0.1)/ACN) over 10 cycles.
(vsAg/Ag+), lOOmV/s.

Homopolymer growth on I.T.O. coated glass resulted in an increase in the current

response for the first 3 cycles (Fig. 4.10). However, continued cycling resulted in the

passivation of the current response. This suggests that the polymer initially deposited
may be partially conductive.
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Figure 4.10 CV obtained for oxidation of PBisT (TBAP (0.1)/ACN) on I.T.O coated
glass. Limits -0.2 V to 1 V (vs Ag/Ag + ), 100 mV/s, 3 cycles.

4.3.3.2 Potentiostatic and Galvanostatic Growth of PBisT
The homopolymer of BisT was also oxidised by potentiostatic and galvanostatic
methods. A constant current of 1 or 2 mA/cm2 was required to deposit a green film,
whereas no film was observed at a current density of 0.2 mA/cm . With current
densities of 1 and 2 mA/cm2 the initial onset of monomer oxidation was 0.86 V and this
increased with time suggesting the deposition of a non-conducting film.

PBisT was also grown at a constant potential of 0.86 V and films were produced with a
similar post-polymerisation CV to homopolymers grown by potentiodynamic methods.
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4.3.3.3 UV-Visible Spectroscopy of PBisT
Homopolymer films of PBisT were grown onto I.T.O. coated glass and analysed by U V visible spectroscopy. Typical spectra of the oxidised and reduced film of PBisT are
shown in Figure 4.11

0.9
0.7
Oxidised

<W

5
X>

0-5 \

\

3

J
Small polaron band

1 °-

t

0.1
Reduced
n 1 I

300

400

500

600

700

800

900

1000

1100

Wavelength (nm)

Figure 4.11 UV-Visible spectra of PBisT in its oxidised and reduced states. The film
was grown by C V from BisT (0.01 M ) T B A P (0.1 M ) / A C N . Limits +1.0 V and 0.0 V
(vs Ag/Ag + ), 10 mV/s, 10 cycles.

The absorbance maxima are at similar wavelengths for both the oxidised and reduced
states, although the peaks broaden upon oxidation. There is also a weak absorbance at
650 n m in the oxidised film which is not present upon reduction. This peak is
characteristic of a very weak polaron band often observed in electroactive polymers
(discussed in Chapter 2.2.5), and indicates the possible presence of a partially
electroactive film.
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Homopolymer films of PBisT appear not to be electroactive w h e n grown on a glassy

carbon substrate, but very thin films grown on I.T.O. coated glass exhibit characteris
of partially electroactive films. Potentiodynamic growth of PBisT films, result in an
increase in current over the first 3 cycles. This suggests that there is some C2-C5
coupling occuring in very thin homopolymer films, but as the polymer film thickens
mis-linking may increase due to the extended conjugation of the monomer or steric
effects, and subsequently non-electroactive homopolymers are formed.

4.3.3.4 Elemental analysis of PBisT
The results of elemental Analysis of PBisT are given in Table 4.3 and suggest that the
homopolymer is slightly doped with a BisTrCKVratio of 5:1.

Table 4.3 Elemental analysis of PBisT
Element Percentage No of Atoms
_ 50.87 512
H 3.20 38.4
S 25.21 9.5
CI 2.93 1.0
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4.4 Conclusions

The electrochemical properties of the monomers studied are in accordance to those
reported by Campbell et al. The substituent does have an effect on the electronic

properties of the monomer illustrated by the varying oxidation potentials and very thin
non-electroactive films are grown for some of the monomers. Homopolymerisation of
the unsaturated analogue DMTS was also unsuccessful and the oxidation potential was
0.45 V higher than for DMT.

Conducting polymers have been formed from substituted phenyl thiophene monomers,10
where the phenyl group is not held in a planar conformation to the thiophene ring.
Although this twisting decreases n orbital overlap between the thiophene and the
substituent, the non-planar geometry relieves strain, allowing electroactive
homopolymers to be formed. The planar configuration of the STD monomers

eliminates the ability to alleviate steric interactions between adjacent monomers throu
the twisting the phenyl substituent.

An alternative argument as to why electroactive polymers are not grown is that the
complete conjugation of the system enhances the spin densities of the alkene position4
which may cause polymerisation through these positions instead of the C2 and C5
positions on the thiophene ring (Chapter 1.8). This reasoning does not explain why an
electroactive homopolymer of DMTS was not formed. Homopolymer film growth may
also be hindered by the low oxidation potentials in some of the monomers especially
DMT and possibley MOT5. It has been reported that monomers with very low
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oxidation potentials form stable radical cations upon oxidation, and diffusion away from

the electrode surface may occur before long chains are formed. This resu
oligomeric chains in solution.

In light of these results, an alternative method of incorporating substi
polythiophene is required.
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CHAPTER 5
COPOLYMERS
OF
STYRYL THIOPHENE DERIVATIVES
5.1 Introduction
Conducting polymers could not be successfully prepared via oxidation of STD
monomers as established in Chapter 4. Therefore, it was necessary to find an
alternative means of incorporating the thiophene substituents into a polymer matrix.
Copolymerisation of the thiophene derivatives with unsubstituted monomers was
thought to be one way of achieving this. For example, copolymerisation of NT with 3-

butylthiophene has previously been reported to form an electroactive polymer.1 If steri
factors hindered the homo-polymerisation of styryl thiophene monomers, the use of comonomers as spacer groups would alleviate the steric constraints and conducting
polymers may result. However, if homopolymers are not electroactive due to
polymerisation through the alkene linker then copolymerisation may not form
electroactive polymers, as copolymerisation also relies on coupling through the C2 and
C5 positions.

The aim of this chapter was to investigate whether electroactive copolymers could be
formed from STD monomers and if so, what effect does the substituent have on the
electrochemical properties of the resulting copolymer.
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Pyrrole w a s used as the co-monomer for preliminary experiments due to its low
oxidation potential, which was comparable with that of the STD monomers, and
because it was known to form stable, electroactive polymers. Pyrrole copolymers were
characterised by electrochemical and UV-visible spectroscopic methods. Microanalysis
results were obtained for the copolymer containing 1,2-dithienylethene (BisT) and
pyrrole (Py) and are reported in section 5.2.2.3.

X (STD)
N0 2 (NT)
CN (CT)
H (PhT)
OMe (MOT)
NMe2 (DMT)
PSTD/BT
NMe2

PBisT/BT

PDMTS/BT
Scheme 5.1

Most of the work in this chapter concentrates on copolymerisation of STD monomers
with bithiophene (Scheme 5.1), which allowed the formation of substituted thiophene
copolymers. Copolymers of bithiophene (BT) and the styrylthiophene derivatives
(STDs) (i.e. PSTD/BT films) were characterised by electrochemical methods, UV-
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Visible and Infra-red spectroscopy. Free standing films were submitted for elemental
analysis and their conductivity was measured. Limited AFM studies were carried out
comparing the difference in morphology between PBT and STD/BT copolymers.

5.2 Copolymers With Pyrrole
5.2.1 Experimental
Copolymer films were grown on platinum (Pt), glassy carbon (GC) and indium tin oxide
(I.T.O.) coated glass working electrodes. Films on Pt and GC gave very similar
electrochemical responses. All feed solutions were a mixture of the STD monomer
(0.025 M) and Py (0.025 M) in TBAP (0.05M)/ACN. The cell set is described in the
experimental chapter 2.3.3.

The copolymers in this section are abbreviated to PSTD/Py, meaning copolymers
containing one of the styrylthiophene derivatives (STDs) and Pyrrole (Py).

5.2.2 Results and Discussion

5.2.2.1 Electrochemical Growth and Characterisation of Copolymers.
Copolymer Films were grown at a set potential, chosen from the chronopotentiograms
of the monomers (Table 4.2), to a charge of 0.0015 C. The oxidation potential of most
of the monomers was similar to, or higher than pyrrole. In the case of the copolymer
incorporating DMT, where the oxidation potential is below that of pyrrole, growth was
attempted at constant potentials ranging from 0.55 V to 0.80 V. A very thin layer of

polymer was deposited at a potential of 0.75 V, but a potential of 0.80 V was require
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initiate rapid deposition onto the electrode surface. P P y was then grown and
characterised under identical conditions and compared with results obtained for the
copolymers. Thin films of all the copolymers were blue w h e n oxidised. The films were
characterised by C V between switching potentials of 0.9 V and -0.5 V , and were
unstable at this upper potential limit. Figure 5.1 displays the C V of both P P y and the
copolymer P N T / P y grown under identical conditions and illustrates the similarities
between the h o m o - and co-polymer. A broad reversible oxidation response Epai, similar
to that of pyrrole were observed and is usually associated with the oxidation and of PPy.
The peak at higher potentials E pa 2 (0.7 V ) , is typically associated with the over-oxidation
and degradation of PPy.
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Figure 5.1 The post-polymerisation CV of copolymer PNT/Py and PPy in 0.05 M
T B A P / A C N . Upper limit +0.9 V , lower limit -0.5 V (vs Ag/Ag + ), scan rate 10 mV/s.
Both films were grown potentiostatically (1.16 V ) to 1.5 m C . T B A P (0.05 M)/ACN.(for
feed concentrations refer to section 5.2.1)
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5.2.2.2 Characterisation of
PSTD/Py

Copolymer Films By UV-Visible Spectroscopy.

copolymer and PPy homopolymer films were grown potentiostatically on

I.T.O. coated glass and subjected to UV-visible analysis. All copolymers (except
PDMT/Py) deposited onto the electrode surface. Upon growth of PDMT/Py a blue
gelatinous material formed at the surface of the electrode that dissolved in the

electrolyte solution . Only a very thin film was present on the I.T.O. coated glass (
5.2(c)). Subsequent UV-visible analysis of the blue solution showed two new peaks at
600 nm and 650 nm that are probably due to oligomers dissolved in solution (Fig. 5.2
(a)). The large absorbance below 400 nm in Figure. 5.2 (a) is due to DMT monomer in
the feed solution.
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Figure 5.2 UV-Visible spectra of (a) DMT (0.025 M)/PPy (0.025 M) feed solution
(0.05 M / T B A P / A C N ) after growth of P D M T / P P y film, (b) UV-Visible spectrum of
PPhT/PPy (oxidised), (c) very thin film of P D M T / P P y (most offilmdissolved to give
spectrum (a)).

All copolymer films in their oxidised state were blue and displayed absorbance peaks at

approximately 400 nm as well as a free carrier tail in the near infra-red region as s
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for P P h T / P P y in Figure 5.2 (b), these characteristics are indicative of an electroactive
conducting polymer and are similar to the absorbance of PPy.

5.2.2.3 Copolymerisation and
The copolymer PBisT/Py was grown by cyclic voltammetry, and at a constant potential
of 0.9 V, to give electroactive copolymers. Chronoamperograms were analysed using

the Cottrell equation and a current vs the square root of time plot revealed that the r
of electropolymerisation of BisT is approximately 10 % slower than the
electropolymerisation rate of Py and the PBisT/Py copolymer. The BisT/Py comonomers polymerise at a similar rate to Py. Figure. 5.3 is a comparison of the CVs of
two homopolymers grown at a potential current of 0.9 V, along with the copolymer
PBisT/Py (also grown at 0.9 V). The copolymer exhibits a broad reversible redox
couple around 0 V which is stable upon cycling. The position of the peak potential is
similar for PBisT and PBisT/Py but the definition of the features is different. The CV
of BisT shows no electroactivity at 0 V, which suggests that the electroactivity of
PBisT/Py is due to the PPy component. The electroactivity of the PBisT/Py copolymer
is supported by UV-visible characterisation. The UV-visible spectra of the oxidised
copolymer displays a significant free carrier tail between 600-1100 nm that is not
present in the reduced polymer.
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Figure 5.3 Post-polymerisation CVs of homopolymers PBisT, PPy, and copolymer
PBisT/Py. Upper limit +0.75 V , lower limit -0.8 V (Ag/Ag + ), scan rate 20 mV/s. T B A P
0.05 M/acetonitile.

Elemental analysis (Table 5.1) of the copolymer confirms the presence of both pyrrole
and sulfur in the copolymer. The Py : BisT : CIO4" ratio is 8 : 1 : 4. The large ratio
perchlorate dopant in the polymer accounts for the prominant free carrier tail in the
visible spectrum of the oxidised copolymer. Scheme 5.2 illustrates two different
alternatives for the structure of copolymer PBisT/Py. The structure could also be a
mixture of both

Scheme 5.2 T w o possible configurations of copolymer PBisT/Py
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Table 5.1 Elemental analysis of PBisT/Py doped with perchorate anions.

Elements

Percentage

N o of Atoms

_

_____

____

H 3.10 20.0
N 9.02 4.1
S 4.93 1.0
CI 9.45 1.7

5. 3 Copolymers With Bithiophene.

The polymerisation and characterisation of copolymers containing STDs and BT were
the primary focus of this section, in part, because of the photovoltaic properties
(discussed in Chapter 7). However, it was first necessary to investigate whether
electroactive copolymers could be grown using bithiophene as the co-monomer and
establish the effect of the substituents on the electrochemical properties of the
copolymer.

The monomers studied in this section were: bithiophene (BT) combined with NT, CT,
PhT, MOT and DMT. The monomer with a saturated linker, DMTS as well as BisT
were also oxidised in the presence of BT.
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5.3.1 Experimental

The experimental conditions are the same as those stated in Chapter 2.3.3. The specifi

growth and analysis parameters are mentioned within the relevant sections of the resul
and discussion. In most cases the feed solutions used were 0.01 M of each monomer in
a supporting electrolyte of TBAP (0.1 M)/ACN. Electrochemical analysis was carried
out in TBAP (0.1 M)/ACN electrolyte solutions (vs Ag/Ag+).

5.3.2 Results an Discussion of PSTD/BT Copolymers.

5.3.2.1 Copolymer Growth By Cyclic Voltammetry

Monomers were initally oxidised on glassy carbon and platinum substrates, both of
which gave similar electrochemical responses. Copolymer growth experiments were
repeated over a number of switching potentials between -0.50 V and 1.50 V. Repeated
cycling of all STD/BT co-monomer solutions resulted in an increase of the current
response in the cyclic voltammogram (e.g. Fig. 5.4) presumabley due to the deposition
of electroactive copolymers. The films were red/orange in the reduced state and

blue/black in the oxidised state. Both observations are characteristic of the depositi
of electroactive polythiophenes (PT). The redox response of the deposited PSTD/BT
copolymer is observed after the first cycle at potentials between 0.6 and 0.8 V.
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Figure 5.4 C V obtained from the oxidation of N T in the presence of B T (vs Ag/Ag + ),
scan rate 50 mV/s. Solution: 0.01 M (per monomer) in T B A P (0.1 M V A C N .

Table 5.1 lists the onset oxidation potentials (EonSet oxi), and the peak potentials
observed during oxidation (Epai m o n ) by C V of the S T D monomers in the presence of
B T . The onset of oxidation of the B T to form the resultant copolymer is given by EonSet
ox2-and the oxidation and reduction of the resultant polymer is given by Epai and Epci,
E p c 2 respectively. The onset oxidation potential is the m i n i m u m potential required to
oxidise the monomer. The films were grown using the same upper and lower limits of
1.5 V and 0 V respectively, at a scan rate of 50 mV/s. The monomers N T and C T and
P h T oxidise at potentials close to that of B T , therefore a separate onset potential is not
observed as it is for D M T and M O T . However, the onset oxidation potentials for com o n o m e r solutions containing N T (1.11 V ) and C T (1.10 V ) are higher than that of B T
(0.89 V ) due to electron withdrawing properties of the substituent. Figure 5.4 is typical
of the C V obtained from the oxidation of N T in the presence of B T , where as the C V
of monomers P h T / B T is very similar to that of B T (Fig. 5.5). The C V of M O T / B T
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(Fig. 5.6) is slightly different in that the onset oxidation potential (EonSet oxi) and peak
potential of M O T (Epai m o n ) are observed at 0.75 Vand 0.9 V respectively, followed by
the onset oxidation (Eonset 0x2) of B T at 0.9 V and the peak oxidation (Epa2 mon) of B T
occurring at 1.2 V. After several scans the oxidation (Epai) and reduction (Epci) peaks
of the polymer were evident.

Table 5.1 Oxidation potentials of copolymer film growth by cyclic voltammetry. Up
limit 1.50 V, lower limit 0 V (vs Ag/Ag + ), scan rate 50 mV/s,firstcycle. Electrolyte
solution was T B A P (0.1 M)/ACN.
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Figure 5.5 The C V obtained from the oxidation of B T (monomer solution (0.01
M)/TBAP/(0.1)/ACN) (vs Ag/Ag + ), scan rate 50 mV/s.
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Figure 5.6 C V obtained from the oxidation of M O T / B T

(0.01 M

of each

monomer/TBAP (0.1 M)/ACN), vs Ag/Ag + , scan rate 50 mV/s.

The CV obtained from the oxidation of DMT in the presence of BT is of interest
because the oxidation of D M T is much lower than that of BT. Figures 5.7a-c illustrate
the changing electrochemical response of co-monomer oxidation at three different
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switching potentials. Figure 5.7a shows the oxidation of D M T / B T with an upper limit
of 0.9 V over 3 cycles. The onset oxidation potential of D M T (Eonsetoxi) during the first
cycle occurs at 0.15 V and the peak potential (Epai m o n ) at 0.28 V. The upper limit is not
enough to fully oxidise B T and afilmwas not observed.
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Figure 5.7b
Figure 5.7a-b C V s of the oxidation of D M T in the presence of B T (0.01 M for each
monomer/TBAP (0.1 M ) / A C N ) at upper limits of a) 0.9 V b) 1.1 V.
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Figure 5.7c CVs of the oxidation of DMT in the presence of BT (0.01 M for each
m o n o m e r / T B A P (0.1 M ) / A C N ) at upper limits of c) 1.5 V ( vs Ag/Ag + ), scan rate 50
mV/s.

Upon extending the upper limit to +1.10 V (Fig 5.7b) the diffusion limited current
response of the D M T m o n o m e r is followed by the oxidation of B T at EonSet ox2 (+0.90
V ) , and a polymer film was deposited. The increase in current response at +0.80 V on
consecutive cycles suggests the film is conductive.

A small positive shift in the

oxidation potential of D M T (Epai mon) after thefirstcycle indicates an increase in the
over-potential and could result from a barrier effect between the solution and the
electrode surface by the deposition of a poorly conductive layer. This is supported by a
decrease of the D M T current response (Epai m o n ) on the second cycle followed by an
increased current response in the 3rd (Fig. 5.7b) and suggests the initial deposition of an
insulating layer, followed by a slightly more conductive layer of copolymer on the third
cycle. This effect m a y be more pronounced in Figure 5.7c than Figure 5.7b due to
over-oxidation of the polymer itself at an upper limit of 1.5 V , which would further
increase the over-potential. However, if this was occurring the oxidation response for
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B T (Epa2 mon) would also be expected to m o v e to more positive potentials in consecutive
cycles which was not observed.

The effect of layering homopolymers during polymerisation was investigated as a means
of establishing whether a true copolymer had been formed. Homopolymer P N T is
observed as a yellow insulating film on I.T.O coated glass (Fig 5.8a), and therefore was
deposited on I.T.O coated glassfirstfollowed by a layer of B T . After the deposition of
each layer the film was subjected to electrochemical and UV-visible analysis. These
results were compared to those obtained from copolymer films containing the same
monomers to see if there was any observable difference between the layered film and
copolymer film. The results obtained were very similar although the redox response in
the copolymer is at slightly more anodic potentials than the layered homopolymers. The
initial andfinalpotential limit in Figures 5.8a-c was 1.5 V. The C V s shown have been
expanded to allow for ease of interpretation.
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Figure 5.8a-c C V s obtained for polymer deposition on I.T.O. coated glass of a) P N T ,
b) P B T layered on P N T c) P N T / B T , scan rate 10 mV/s.(TBAP (0.1 M ) / A C N ) . Growth
conditions: monomer (0.01 M ) / T B A P (0.1 M ) / A C N , limits 0 V-1.50 V, 10 mV/s (a) 10
cycles (b) 0.5 cycle, (c) 1 cycle.
STD monomers were also polymerised in the presence of BT onto I.T.O. coated glass
for UV-visible analysis and photovoltaic device fabrication which will be discussed in
subsequent chapters. Polymerisation of co-monomers onto I.T.O. coated glass was
similar to polymerisation onto G C but oxidation potentials appeared to be slightly
higher on I.T.O coated glass, which is probably due to the lower conductivity of the
I.T.O. coated substrate. Free standing copolymer films were grown on stainless steel
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sheets and peeled off. The condition of the stainless steel was found to be crucial to the
growth of electroactive films. Extensive polishing of the substrate was found to be
necessary.

5.3.2.2 Electrochemical Characterisation of Films Grown By CV.

The electrochemical characterisation of polymer films grown on glassy carbon was
carried out by CV. For the sake of comparison, films were analysed between an upper

limit of 1.10 V or 1.20 V and -0.50 V at a scan rate of 10 mV/s for three cycles, all of
these films were also grown under the same conditions. The initial and final potential
limits in post-polymerisation CVs are +1.10 V. CVs have been expanded to maximise

the redox peaks for ease of interpretation and the initial and final potentials may not
shown. The redox responses were tabulated (Table 5.2), in order to investigate the
effect of the substituent on the electrochemical properties of the polymer, with PBT as
the reference point.
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Table 5.2 Redox responses of P S T D / B T polymers at a scan rate of 10 mV/s, between
1.2 V and -0.5 V (vs Ag/Ag + ),firstcycle. Electrolyte solution T B A P (0.1 M)/ACN. Comonomers were polymerised by C V , feed solution (0.01 M ) per monomer, limits 0 V to
1.5 V, 50 mV/s, 3 cycles, the same electrolyte solution as above.

STD/BT

Epai

Epa3

Epci

E pc 2

PNT/BT

1.00

0.95

0.59

PCT/BT

1.00

0.90

0.65

PPhT/BT

0.71

0.69

0.68

0.84

0.75

0.35

0.63

0.50

0.40

0.64

0.64

PMOT/BT
PDMT/BT
PBT

0.14

E pa 2

0.26

Epc3

-0.18

In contrast to the S T D homopolymers, P S T D / B T polymers displayed reproducible
quasi-reversible redox activity, where the current response increased with the scan rate
(Fig 5.9).

500

Figure 5.9 Post-polymerisation C V s obtained for PCT/BT, limits 0 V to +1.2 V (vs
Ag/Ag + ). a) 10 mV/s, b) 50 mV/s, c) 100 mV/s ,d) 200 mV/s. Electrolyte: T B A P (0.1
M)/ACN.
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The plot of peak current (ip) vs square root of the scan rate (v1/2) for Figure 5.9 gave a
straight line, indicating that polymer oxidation is a diffusion controlled process.

It is not uncommon for the redox response of PT to contain two oxidation responses and
one reduction response, as seen for P B T in Figure 5.10, or one broad oxidation peak
coupled with 2 reduction peaks as in P N T / B T (Fig. 5.11). It is also c o m m o n for there
to be some hysteresis between the polymer oxidation and corresponding reduction, and
is usually attributed to conformational changes within the polymer.

In a purely

electrochemical sense, hysteresis between redox couples suggests the system is not
completely reversible.
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Figure 5.10 The C V obtained for P B T , limits 0 V-l.l V (vs Ag/Ag + ), 10 mV/s.
Supporting electrolyte: T B A P (0.1 M ) / A C N .
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Figure 5.11 CV obtained for PNT/BT, limits 0 V-1.2 V (vs Ag/Ag+), 10 mV/s.
Supporting electrolyte: T B A P (0.1 M ) / A C N .

There are several explanations for the asymmetry of the redox response for
polythiophene that occur during the doping and dedoping of polymer films. Xu.et al4
used polaron-bipolaron theory, where the oxidation peak is assigned to the formation of
the bipolaron species. The reactive polaronic species are thought to undergo rapid
coupling, which explains the absence in some cases of a separate polaron oxidation
peak. The reduction of the polymer is thought to occur in a step-wise fashion with the
reduction of the bipolaron to a polaron and then the subsequent reduction of the polaron
to the undoped polymer. Glenis et al present data that supports the formation of
polaronic then bipolaronic species, by combining CV with ESR studies. Child et al,5

upon extensive investigations employing ESR techniques, also attribute the formation of
two oxidation signals in the CV to polaronic and bipolaron formation. It was found that

potentiostatically poising a thiophene film at potentials corresponding to the first pe
in the CV gives an ESR signal corresponding to the polaron, increasing the poised
potential to that of the second peak results in the disappearance of the ESR signal,
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which is due to the spin pairing of polarons to yield a bipolaron. U p o n partial reduction

of the film the polaron signal re-appears. Other explanations suggest multiple oxidation
or reduction peaks are due to the presence of oligomers incorporated within the polymer
which oxidise and reduce at slightly different potentials.6

As can be seen in Table 5.2, the presence of the substituent does affect the redox
responses in the polymer. However, direct comparisons are difficult, due to the
presence of one broad redox response in some polymers as opposed to two defined
peaks in others. Despite this, there is a general trend towards a decrease in anodic
potentials from electron withdrawing to electron donating substituents. The CV of
PDMT/BT (Fig. 5.12) displays 3 oxidation peaks and 3 reduction peaks. The oxidation
response at Epai (0.13 V) is not present if the lower limit does not switch below the
reduction peak EpC3 (-0.18 V), which discounts Epai being due to the oxidation of
trapped monomer within the polymer. This redox couple may be influenced by the
dimethylamino substituent
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Figure 5.12 C V obtained for P D M T / B T , limits -0.5 V to 1 V (vs Ag/Ag + ), 10 mV/s.
Supporting electrolyte: T B A P (0.1 M ) / A C N .

5.3.2.3 Potentiostatic Growth of Copolymers.

PBT was grown galvanostatically at a potential of 1.20 V, which is higher than that
obtained for the galvanostatic growth of all the S T D homopolymers.
therefore grown potentiostatically at 1.20 V.

P B T was

Films formed from the potentiostatic

oxidation of S T D monomers in the presence of B T were deposited on I.T.O. coated
glass and were grown to a specific charge.

Interestingly, in most cases, growth

potentials higher than the optimum for B T were required to deposit polymer films,
especially for polymers incorporating S T D monomers with electron donating groups.
Oxidation of m o n o m e r species in solution was clearly evident at 1.20 V and could be
visualised by a blue or green product streaming away from the electrode surface. This
was attributed to the formation of soluble low molecular weight oligomers.

The

formation of these oligomers is enhanced by the stability of the radical cation of the
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conjugated S T D monomers especially for M O T and D M T . Potentials of up to 1.50 V
were required to force deposition of a copolymers.

Characterisation of films grown potentiostatically on I.T.O. coated was carried out us
CV and UV-visible spectroscopy (see - Chapter 7.2.3.1).

5.3.2.4 Characterisation of Copolymer Films By UV-Visible Spectroscopy

PSTD/BT polymer films grown on I.T.O. coated glass by CV and potentiostatic
methods were subjected to UV-visible analysis (Figure 5.13 and 5.14). The copolymer
films have UV-visible spectra similar to that of PBT. The n-n* transition at
wavelengths in the 450 nm region shift slightly in accordance with the substituent
attached. Electron withdrawing groups (-NO2 and -CN) move the band slightly to

longer wavelengths whereas the electron donating group (-NMe2) has the inverse effect.
These changes are small due to the low ratio of substituted thiophene to bithiophene in
these copolymers as determined by elemental analysis. It is unclear whether this shift
due to an increase in conjugation length of the copolymer or due to the change in band
gap structure caused by the substituent.
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Figure 5.13 UV-visible spectra of oxidisedfilmsa) P B T , b) PPhT/BT, c) P D M T / B T ,
d) P C T / B T , e) P N T / B T , f) P M O T / B T . Allfilmsare grown potentiostatically at 1.5 V
to a charge density of 0.0112 C/cm

330

430

530

630

730

830

930

1030

Wavelength (nm)

Figure 5.14 UV-visible spectra of reduced films of a) P N T / B T , b) P B T , c) PPhT/BT,
d) P D M T / B T , e) P C T / B T , f) P M O T / B T . Allfilmsare grown potentiostatically at 1.5
V to a charge density of 0.0112 C/cm2.

The growth method has little effect on the UV-visible spectra obtained for the
copolymers as illustrated in Figure 5. 15. A s expected, film thickness does however,
affect the wavelength of the n-n* transition of the copolymer films (Fig. 5. 16), with
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the absorption of the thinner film shifted towards longer wavelengths. This is generally
attributed to fewer defects in thinner films and hence the greater degree of
conjugation 7,8
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Figure 5.15 Effect of growth method on UV-visible spectra of P N T / B T . (a) G r o w n by
C V between 1.5V and 0 V (vs Ag/Ag + ) for 2.5 cycles at 100 mV/s. (b) G r o w n
galvanostatically at a current density of 1 m A / c m to a charge of 0.068 C. (c) G r o w n
potentiostatically at 1.06 V to a charge of 0.068 C.
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Figure 5.16 Effect of film thickness on the UV-visible spectra of P N T / B T . (a)
Copolymer grown potentiostatically (1.2 V ) to 0.400 C, (b) grown to 0.060 C.
M o n o m e r concentration 0.01 M (per monomer) in T B A P (0.1 M ) / A C N .

As discussed at the end of section 5.3.2.1 homopolymers were deposited in layers onto
I.T.O. coated glass. After each layer the film was characterised by electrochemical and
UV-visible methods and compared with the film grown from a copolymer feed solution
in an attempt to establish whether there was a visible difference between layered
homopolymers and the proposed copolymers.

The effect of depositing layers of

homopolymers P N T and P B T onto I.T.O. coated glass, as opposed to the copolymer
P N T / B T , is seen in Figure 5.17. The absorption of the P N T homopolymer (Fig. 5.17a)
at -350 n m is clearly present in Figure 5.17b in which P B T has been layered on top of
P N T . The UV-visible spectrum of the P N T / B T copolymer is only slightly different but
the peak absorptions do appear at longer wavelengths than for the layered polymer.
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Figure 5.17 UV-visible spectra of (a) PNT, (b) a thin film of PBT layered on top of the
initial P N T layer in the oxidised state, (c) The layered homopolymer films P N T and
P B T in the reduced state, (d) the P N T / B T copolymer in the oxidised state.

5.3.2.5 Interaction of Copolymer Films With I. T. O. Coated Glass.
Understanding the interactions between conducting polymer films and I.T.O coated
glass substrates has become of increasing importance due to the interest in applications
involving electronic transfer processes between the conducting polymer films and the
I.T.O. coated glass substrate. Photovoltaics and photoluminescence are two areas in
which I.T.O. coated glass is used extensively.

During the course of this research a spontaneous reduction of oxidised PSTD/BT
copolymer films and P B T homopolymer films was observed upon standing.

The

spontaneous reduction was found (by UV-visible spectroscopy) to be completely
reversible therefore is not due to the film decomposition. The reduction was found to be
independent of the exposure to light over time as illustrated by Figures 5.18a-b.
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Identically grown films were stored under dark or light conditions and the spontaneous
reduction was followed by UV-visible spectroscopy.

300

400

500

600

700

800

900

1000

1100

Wavelength (nm)

Figure 5.18a UV-Visible spectra of P N T / B T grown onto I.T.O coated glass, exposed
to light over 2 weeks (a) UV-visible spectrum of film in the oxidised state, immediately
after growth, (b) UV-visible spectra after 2 days, (c) UV-visible spectra after 7 days, (d)
UV-visible spectra after 14 days.
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Figure 5.18b UV-Visible spectra of PNT/BT grown onto I.T.O. coated glass using the
same growth conditions as for the film in Figure 5.18a, placed in the dark over 2 weeks
(a) UV-visible spectrum offilmin the oxidised state, immediately after growth, (b) U V visible spectrum after 2 days, (c) UV-visible spectra after 7 days, (d) UV-visible spectra
after 14 days.
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P N T / B T and P B T were also grown onto platinum coated I.T.O. coated glass and
compared to films grown by identical methods on I.T.O. glass. Figures 5.19a-b show
the difference between the response of the two substrates over time. The reduction of

these films was less on the platinum substrate (Fig.l5a) than it is on the I.T.O. coa
glass substrate (Fig. 15b).
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Figure 5.19a UV-Visible spectra of PNT/BT in the oxidised form, grown onto
platinum coated I.T.O. coated glass between 0 V and 1.5 V. Scan rate 100 mV/s, 1.5
cycles.
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Figure 5.19b UV-Visible spectra of PNT/BT in the oxidised form, grown onto I.T.O.
coated glass between 0 V and 1.5 V. Scan rate 100 m V / s , 1.5 cycles.

Several groups have reported a similar effect of ITO on polythiophene films with or no
explanation offered except polymer decomposition.9 Others have investigated the
interface between the conducting polymer and the I.T.O. coated glass. Takemura et al10
reported on the interfacial electrochemical diffusion of Indium metal and indium oxides
into a polythiophene matrix by the application of a negative voltage. No voltage was
applied to generate spontaneous reduction of polymer films investigated in this thesis.

Nakanishi et al11 compared the conducting polymer/metal interface with the conducting
polymer/ITO interface and found that electron transfer in the former was due to
differing ionisation potentials. No relationship between the ionisation potential
difference of the polymer and ITO interface and electron transfer between the
polymer/ITO interface was observed as previously reported. It was found that electrons

were transferred regardless of the ionisation potential of the polymer. The surface state
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of the I.T.O. were speculated to trap the electrons of the conducting polymer. Most
reports indicate ITO to be an electron acceptor12, not an electron donor; which is
required for the spontaneous reduction of the polythiophene films to occur.

In this work it was qualitatively observed that the presence of an electron donating

group in the copolymer film increased the speed of the reduction on I.T.O. coated glass.
This phenomenon is the opposite to what would be expected if electrons were being
accepted by the copolymer from the I.T.O. as the polymer incorporating the electron
donating group would be expected be the hardest to reduce and not the easiest as
observed. Clearly further work is required to elucidate this interesting quandary.

5.3.2.6 Elemental Analysis of Copolymer Films.
Elemental analysis of copolymer films was carried out in order to confirm the presence
of both the BT and STD units in the copolymer. The full analysis is given in Table 5.3
and the ratio of STD to BT units, as well as the ratio of perchlorate anion is given in
Table 5.4. The ratios of PPhT/BT are not included, as from these results the ratios can
not be calculated
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Table 5.3 Elemental analysis results of P B T and P S T D / B T copolymers.

PBT

PNT/BT

PCT/BT

PPhT/BT

PMOT/BT

PDMT/BT

c

50.73

52.11

54.78

55.04

53.83

52.13

H

2.17

2.36

2.77

2.75

2.92

2.64

N

-

1.15

0.69

-

-

1.31

S

33.76

30.16

29.56

24.39

24.35

29.39

CI

2.91

3.20

3.83

3.30

3.03

2.91

OMe

-

-

-

-

5.03

-

Table 5.4 The ratio of the B T and S T D monomers to perchlorate in these P S T D / B T
copolymers.
Substituent

Ratio STD-.BT

:CI0 4

-N02

1:5

__T_

-CN

1:8

2

-OMe

1:2

-NMe2

1:5

PBT

0:4

1
1

The ratios of STD-.BT are low except for P M O T / B T (1:2), however S T D units are
present in the copolymers. There is no noticeable trend observed in copolymer ratios
according to substituent, as both PNT/BT and PDMT/BT have the same ratio of 1:5.

The copolymers incorporating monomers with low oxidation potentials (DMT and

MOT) are more likely to possess a higher STD:BT ratio, as these monomer oxidatio

are diffussion limited at the point of BT oxidation. Note that all copolymers we
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grown under the same conditions to enable comparison of results, although the optimum
conditions for PDMT/BT may not be the same as for PNT/BT due to the large
difference in oxidation potential between NT and DMT, making this result unusual.

5.3.2.7 Conductivity Testing of Copolymer Films

Conductivity measurements (Chapter 2.3.2) were carried out on free standing films
grown on polished stainless steel or platinum for PDMT/BT. All films were grown to
an upper switching potential of 1.50 V by cyclic voltammetry. This growth method
gave the best mechanical properties and allowed films to be peeled from the electrode
surface. Table 5.5 gives the conductivities of the copolymers. The conductivities were
low but display an interesting trend of decreasing conductivity for copolymers with

electron withdrawing substituents (-NO2) to those with electron donating substituents
NMe2). The PNT/BT copolymer has a higher conductivity than PBT grown under the
same conditions. A possible explanation for the higher conductivity of copolymers
incorporating an N02 group could be a result of the electron withdrawing group

stabilising the quiniodal structure present in the conducting state of the copolymer. T

electron donating substituents would stabilise the benzenoid structure which possesses
larger band gap (Chapter 1.2.2).
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Table 5.5 Conductivity of P B T and the P S T D / B T copolymers.
Film

Conductivity m S / c m

PNT/BT

144

PBT

87

PCT/BT

23

PPhT/BT

1.1

PMOT/BT

0.08

PDMT/BT

0.08

The introduction of electron withdrawing substituents is used as one strategy to reduce
the band gap of a polymer by withdrawing electrons to stabilise the quinoidal structure
(Chapter 1.5.5). Another explanation for the trend in conductivity is that the presence of
the electron withdrawing group m a y also aid in the stabilisation of the copolymer
towards over-oxidation at the potentials of film growth.

M o n o m e r N T (electron

withdrawing) has a higher oxidation potential than D M T

(electron donating),

consequently copolymer P N T / B T also has a higher oxidation potential than P D M T / B T .
The point at which P D M T / B T is over-oxidised m a y therefore be lower than P N T / B T .
This m a y allow P N T / B T films grown at 1.5 V to be more conductive, as they have less
chance of being over-oxidised than P D M T / B T films.

5.3.2.8 Infra-Red Spectroscopy of Copolymer Films.

The frequency of bond vibrations in the infra red spectrum have often been related to
the degree of conjugation of a conducting polymer which is inherently linked to the
polymer conductivity.13 Table 5.6 lists the bond vibrations observed in the I.R. spectra
of P S T D / B T copolymers in their oxidised state and Figure 5.20 shows the overlay of
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P B T , P N T / B T and P D M T / B T spectra from 900-600 cm-1. The most prominent C H
out-of plane bending vibration is the intense broad peak between 789-796cm"1 and is

associated with the Cp-H vibration in 2,5 substituted thiophenes. It has been reporte
that the more highly conjugated polymers, and therefore more conductive polymers,
have lower frequency bands in this region.

From the results reported in Table 5.6, PBT displays the lowest band at 789 cm"1 and
the highest is for PMOT/BT at 796 cm"1 which is not in full agreement with the
experimental conductivities. The band at 695 cm"1 is the Ca-H vibration that arises
from monosubstituted thiophenes, or concurrently terminal thiophenes on the polymer
chain. The ratio of peak area between the band at 695 cm"1 and 790 cm'1 is thought to
elucidate the degree of polymerisation and has been proven to be in agreement with
polymer conductivity.13 In this instance the ratios are PNT/BT (0.228), PBT (0.077),
PCT/BT (0.129), PPhT/BT (0.289), PMOT/BT (0.0299), PDMT/BT (0.022), and
would suggest that the degree of polymerisation was highest in the PDMT/BT and
much lower in copolymers containing electron withdrawing substituents PNT/BT.

This method of evaluating polymer chain length is complicated in substituted
copolymers, by the presence of the substituents blocking one of the Cp positions in
every STD unit. Not all copolymers have the same degree of substitution which would
alter the proportion of Cp positions that are blocked. This would interfere with the
of Ca-H to Cp-H employed to establish the length of copolymers chains. Despite the
presence of less Cp-H in PDMT/BT than in PBT it still has the smallest ratio.
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Table 5.6 A comparison of IR bands (cm"1) in P B T and the PSTD/BT copolymers.

V

BT

PNT/BT

PCT/BT

PPhT/BT

Assignment

PMOT/

PDMT/

BT

BT

C-S

621

620

621

622

622

622

Ca-H

688

688

696

692

690

696

Ca-H

735

732

merged

734

736

734

749

760

753

Cp-H

793

789

792

794

796

793

CIO"

1040

1034

1034

1045

1041

1050

1105

1104

1107

1107,1093

1097

*-_"^ / a, anti

1174

1177

1179

1177

1173

1174

*-'—^Th,anti

1388

1391

1385

1387

1385

*-~ '-'Th.sym

1433

1434

1423

1417

1417

1427

C=Cxh,anti

1489

1488

1488, 1449

1454

1498

N0 2

1513

C=Cph

1590

C -C
^ a ^ a , sym
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Figure 5.20 The IR spectra of PNT/BT, PBT, and PDMT/BT
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Mislinking or 2,4- substitution is generally indicated by bands at 740 cm"1 and 820 cm"

'. In most of the spectra these bands are overlapping with other signals, but appear t
of relatively low intensity, in comparison to the peak 790 cm"1.

The band at 1040 cm"1 is due to the CIO4" dopant. Broad bands between 1337 cm"1 and
1433 cm"1 encompass the thiophene ring aromatic stretches, the asymmetric and
symmetric stretching modes of C2=C3 and C4=C5 are usually assigned to bands at 1490

cm"1 and 1440 cm"1 respectively, with Oanti being less intense than usym. Again the uanti
wavenumbers have been shown to decrease as chain length increases and the usym have
inversely been shown to increase with chain length. The results reported in Table 5.6
loosely support this trend with the lowest uanti being 1488 cm"1 (PBT) and 1489 cm"1
(PNT/BT), whereas they display the highest _

sym

wavenumbers. From the IR spectra of

PSTD/BT copolymers it is evident that substituents are influencing the electronic
structure of the polythiophene backbone.

From the ratio of the 695 cm"1 to 790 cm"1 bands PDMT/BT would appear to have the

longest conjugation length. This is in contrast to the shifts of individual peaks whic
indicate that PBT and PNT/BT are the more conjugated polymers. Increasing the
conjugation length of a polymer decreases the band gap. An electron withdrawing

group may also support a decrease in the band gap, where as the inclusion of an electro
donating group may cause it to increase. This may result in two opposing influences
within the polymer that could affect both the conductivity and the IR spectra
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5.3.2.9 Morphology of Copolymer Films
PBT and PNT/BT were both grown potentiodynamically between 0.00 V and 1.50 V at
a scan rate of 100 mV/s for 3.5 cycles, with a monomer concentration of 0.01 M for
each monomer in TBAP (0.1 MVACN. They were analysed by AFM to establish the
changes in morphology between the homopolymer and copolymer. Figure 5.21a for

PBT shows the presence of regular features of approximately the same shape that lo

like craters. A closer view of these almost circular structures (Fig. 5.21b) shows
are approximately 6 uM in diameter and are made up of smaller components arranged

a regular structure. The film growth appears to be inhibited in certain regions and
an unusual structure for PBT.

Figure 5.21a A n A F M image of P B T
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Figure 5.21b A n A F M image of one of the craters seen in P B T Figure 5.21a

The morphology of P N T / B T is different (Fig. 5.22a). The copolymer is relatively
smooth in comparison, with no regular repeating patterns in it's morphology and is
typical of conducting polymers. It does however, have a random dispersion of nodular
protrusions on the surface. Figure 5.22b is a magnification of one of these nodules
which appears to be approximately 1.5 pM in diameter, and looks similar in size and

shape to those that are part of the regular structures in Figure. 5.21b. If the nodule
the same in both PBT and PNT/BT then the presence of the NT in the copolymer may

have caused the disruption in their regular arrangement and to some extent help to inf
that the film is a true copolymer.
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Figure 5.22a A n A F M image of copolymer PNT/BT

X
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150.000 iWdiv

Figure 5.22b A n A F M image of PNT/BT. The expansion of one of the nodules found
on the surface of P B T
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5.3.3 Results and Discussion on Copolymers Incorporating D M T S .
NMe2

PDMTS/BT

5.3.3.1 Potentiodynamic Growth of

Copolymers.

The polymer PDMTS/BT was grown under the same conditions as the fully conjugated
PSTD/BT copolymer films in order to compare the effect of the non-conjugated
substituent on the polymer backbone. PDMTS/BT was grown potentiodynamically to a
range of switching potentials to allow a comparison with PDMT/BT and its growth
CVs in Figure 5.7a-c. The polymerisation of DMTS in the presence of BT to an upper

limit of 0.90 V, as expected gave no film (Fig. 5.23a), with the onset of oxidation (E
ox) occuring at 0.58 V and the peak potential (Epai m0n) at 0.75 V. This peak is
associated with the oxidation of the DMTS monomer, after which the current is

diffusion limited. Figure 5.23a differs from Figure 5.7a in that the former has a high
oxidation and peak potential, than DMT as seen in Chapter 4.3.2. Increasing the

switching potentials to 1.30 V (Fig. 5.23b) and 1.50 V (Fig. 5.23c) shows that the pe
associated with the DMTS monomer does not markedly change in potential or current

response as an electroactive copolymer film is deposited on the electrode surface. Pea

E0nsetox2 (Fig 5.23b) is associated with the onset potential for BT and the redox resp
of the resulting polymer is apparent after the first cycle at 1.00 V (Epai) and 0.97 V
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(EpCi) (Fig 5.23b) and is not as evident in Figures 5.7b-c ( P D M T / B T ) . The higher
oxidation potential of DMTS may decrease the degree of over oxidation of the
copolymer at switching potentials of 1.50 V.
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Figure 5.23c
Figure 5.23a-c C V obtained from the oxidation of D M T S in the presence of B T at
upper limits of a) 0.9 V, b) 1.3 V, c) 1.5 V, lower limit 0 V (vs Ag/Ag + ), scan rate 50
mV/s, 3 cycles. Solution: 0.01 M (per monomer) in T B A P (0.1 M ) / A C N .

5.3.3.2 Electrochemical Characterisation of

Films.

The P D M T S / B T films were characterised under the same conditions and parameters as
P D M T / B T . The post-polymerisation C V of P D M T S / B T displays one oxidation peak
at 0.92 V (Epai) and 2 reduction peaks at 0.58 V (Epc2) and 0.90 V (Epci) (Fig. 5.24).
The electrochemical response of P D M T / B T

(Fig. 5.12) is different with redox

responses at less positive potentials. The redox responses of P D M T S / B T more closely
resemble those of P B T and suggest that the dimethylamino substituent is having less of
an influence on the conducting polymer backbone when the linker is saturated, than in
P D M T / B T which contains the conjugated linker.
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Figure 5.24 Post-polymerisation CV of PDMTS/BT (vs Ag/Ag+), 10 mV/s, 3 cycles in
T B A P (0.1 M ) / A C N

5.3.3.3 UV-Visible Spectroscopy of Films.
The PDMTS/BT was deposited onto I.T.O. coated glass by CV and compared with
PBT and PDMT/BT films polymerised under the same conditions. PDMTS/BT can be

reversibly oxidised and reduced and displays electrochromic properties, commonly
found in thiophene polymers. Figures 5.25a-b show a comparison of the, as

mentioned, polymers in their reduced and oxidised states. The peak absorption fo
PDMTS/BT and PBT are identical at 466 nm, whereas the corresponding peak for
PDMT/BT is at 455 nm. This 10 nm difference illustrates the influence of the
substituent on the n-n* transition of PDMT/BT. The saturated linker in PDMTS/BT

does not appear to facilitate electronic communication between the substituent a
polymer backbone, as evidenced by the identical peak absorption of both PBT and
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P D M T S / B T . This conclusion is supported by electrochemical characterisation of the
copolymers.

Wavelength (nm)

Figure 5.25a UV-visible spectra offilmsin their reduced state grown under the same
conditions, by C V . Limits 0.0 V to 1.5 V (vs Ag/Ag + ), scan rate 50 mV/s, 2 cycles.
Solutions: 0.01 M (per monomer) in T B A P (0.1 M)/ACN. (a) P B T , (b) P D M T S / B T ,

(c) PDMT/BT.
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Figure 5.25b UV-visible spectra of films in their oxidised state grown under the
conditions as described in the experimental section by C V . Limits 0.0 V to 1.5 V, scan
rate 50 m V / s (vs Ag/Ag + ), 2 cycles. Solutions: 0.01 M (per monomer) in T B A P (0.1

MYACN (a) PDMT/BT, (b) PDMTS/BT, (c) PBT.
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N o elemental analysis was carried out on this copolymer due to the availability of the
DMTS monomer.

5.3.4 Results and Discussion on Copolymers Incorporating PBisT.

The copolymerisation of B T and BisT could result in a polymer that is an all thiophene
electroactive polymer where the BT acts as the spacer and BisT, the cross linker.

5.3.4.1 Potentiodynamic Growth and Characterisation of

The PBisT/BT copolymer was grown and analysed over a range of potential limits
between -IV and 2 V from co-monomer solutions of 0.01M of each monomer in
TBAP(0.1 MVACN. Figure 5.26 shows the growth CV of PBisT/BT, between -0.50 V

and 1.20 V over 3 cycles, the shape of which is very similar to that of PBT (Fig. 5
with an oxidation potential of 0.82 V (Eonset0x) and an oxidation peak potential of
V (Epai mon)-
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Figure 5.26 C V obtained from the oxidation of BisT in the presence of BT. Limits 0.50 V to 1.20 V (vs Ag/Ag + ), 10 mV/s. Solution: 0.01 M (per monomer) in T B A P (0.1
M)/ACN.

The post-polymerisation CV (Fig. 5.27) also looks similar to PBT, The oxidation
reduction peaks are broad and are at 0.82 V (Epai) and 0.64 V (Epa2) respectively. The
current response is stable at an upper limit of 1.00 V.

<
B

0

Figure 5.27 C V of PBisT/BT. Limits -0.50 V to 1.00 V (vs Ag/Ag + ), 10 mV/s, 3
cycles in T B A P (0.1 M)/ACN.
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5.3.4.2 Galvanostatic and Potentiostatic Growth of

Films of PBisT/BT were grown at constant current at current densities ranging from
0 0

m A / c m to 2 m A / c m and at constant potentials of 0.85 V and 1.10 V. Both methods of
polymerisation produced electroactive films, although CV was the prefered
polymerisation method. Figure 5.28 is typical of post-polymerisation CVs of
PBisT/BT grown by potentiostatic and galvanostatic methods.

<

£

Figure 5.28 Post-growth C V of PBis/BT grown at constant current (1 m A / c m ). C V
limits 0.0 V to 1.0 V (vs Ag/Ag+), scan rate 10 mV/s for 3 cycles in TBAP (0.1
M)/ACN.

There are two weak oxidation signals at 0.44 V (Epai) and 0.73 V (Epa2) and a broad
reduction peak at 0.70 V (Epci).
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5.3.4.3 UV-Visible Spectroscopy and Conductivity of

The UV-visible spectra of the deposited polymer PBisT/BT in the oxidised and reduced
state were obtained (Fig. 5.29). There is a polaron band at 800 n m but no free carrier
tail, which m a y account for the low conductivity of free standingfilmsat of 4 mS/cm.
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Figure 5.29 UV-visible spectra of a PBisT/BT in its oxidised and reduced states. The
film was grown by C V with limits of 0 V and 1.2 V (vs Ag/Ag + ), at 10 m V / s for 1.5
cycles. M o n o m e r solution 0.01 M (per monomer) in T B A P (0.1 M ) / A C N .

5.4 Conclusions.

It has been shown that electroactive conductive copolymers can be grown on a range of
substrates and exist as free standing films. Their electroactivity and conductivity is
evidenced by both electrochemical and non-electrochemical techniques. The S T D
m o n o m e r does appear to be incorporated in the polymer and the properties of the
substituent are shown to alter the properties of the copolymer despite the low ratio of
194

STD:BT.

The conjugated linker appears to be an effective means of allowing

communication between the substituent and the thiophene polymer backbone and is
exemplified through comparative studies between D M T and D M T S .
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CHAPTER 6
SUBSTITUTED TERTHIOPHENE
HOMOPOLYMERS

6.1 Introduction

The polymerisation of terthiophene derivatives, is an obvious extension of work carried
out in Chapter 5. Introducing a substituent to the P-position of the central ring of a
terthiophene monomer (Scheme. 6.1), allows the incorporation of the desired
substituent with exclusively linked a-a' thiophene spacers on either side. This reduces
the constraints of bulky pendant groups and decreases the need to employ a co-monomer

such as bithiophene during polymerisation. In addition, this route is expected to ensure
polymers with a high degree of substitution; even if bulky pendant groups are present.

The use of terthiophene and terthiophene derivatives as polythiophene precursors has
previously been discussed in Chapters 1.6.1 and 1.6.2 respectively. In this chapter the
electrochemical polymerisation and characterisation of the novel ;?-nitrostyryl
terthiophene monomer, /ra^,l-[(2,2:5,2-terthiophene)-3-yl)]-2-(4-nitrophenyl) ethene
(NTT) is discussed. The homopolymer PNTT has been characterised by UV-visible
spectroscopy, Infra-red spectroscopy (IR) and Scanning Electron Microscopy (SEM).
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The aim of this chapter was to investigate the effect of the increased monomer length of

NTT on the electrochemical growth and characterisation of the polymer, as well as the

effect of the styryl substitutent. For the sake of comparison, polymers were also gr
from MT and MTT (Scheme 6.1). The polymerisation of NT has previously been
discussed in Chapter 4.

PNTT
Scheme 6.1

Monomer NTT (Scheme 6.1) is expected to be close to planar, as X-ray crystallography

of the cyanostyryl terthiophene derivative shows a twist from planarity of about 17

is no impediment to conjugation. The steric constraints of the pendant group, on the

polymer will be minimised by the outer thiophene rings of the terthiophene unit and
length of the conjugated linker.

6.2 Experimental
Homopolymers were grown from solutions containing monomer (0.05 M) in TBAP (0.1
M)/dichloromethane (DCM), using the same cell configuration as previously described
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(Chapter 2.2.3). The use of dichloromethane enabled higher concentrations of
monomer to be used, and very similar electrochemical behaviour was observed to that
1 0

obtained in acetonitrile. ' All polymers reported in this chapter were grown onto glassy
carbon working electrodes except for polymers grown onto stainless steel for the

purpose of characterisation by IR spectroscopy and I.T.O. coated glass characterisa
by UV-visible spectroscopy.

6.3 Results and Discussion
6.3.1 Electrochemical Growth and Characterisation.

6.3.1.1 Potentiodynamic Growth of Polymers

The redox behaviour of monomers NTT, MTT and MT was examined by
potentiodynamic cycling between an upper limit of+2.00 V and a lower limit of-1.00
V, at a scan rate of 100 mV/s. The initial and final potential was 0 V for all
polymerisation CVs and is marked with a black dot on each CV. Examples of monomer
oxidation responses are shown in Figure 6.1 and Figure 6.2 for MT and MTT
respectively. NTT displayed a very similar oxidation response to that of MTT (Fig.
6.2).
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Figure 6.1 C V obtained by oxidation of M T (vs Ag + /Ag). Scan rate (100 mV/s).
Solutions: M T (0.05 M V T B A P (0.1 M V D C M .
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Figure 6.2 C V obtained for oxidation of M T T (vs Ag + /Ag). Scan rate (100 mV/s).
Solutions: M T T (0.05 M ) / T B A P (0.1 M V D C M .

Table 6.1 summarises the oxidation potentials for monomers.
minimum potential required for the oxidation of the monomer.

The Eonset ox is the
A s expected M T

displays the highest oxidation potential at 1.20 V. The resonance effect of the nitro
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group m a y stabilise radical cation formation, hence lowering the oxidation potential for
both N T and N T T . However, the difference in the oxidation potential between the
higher homologues N T T and M T T was m u c h smaller than observed between N T and
M T . M T T has an oxidation potential slightly lower than N T T which suggests that the
nitrostyryl substituent has less effect on the oxidation potential in the already delocalised
terthiophene structure.

Epc in Table 6.1 corresponds to the reduction of the polymer that is deposited onto t
electrode surface (see Fig. 6.1 for example) during the oxidation of the monomer. E p c
occurs at more negative potentials for terthiophene monomers N T T and M T T , than for
MT.

This is expected because of the increased conjugation in the terthiophene

monomers. Increasing the degree of conjugation raises the H O M O and L U M O energy
levels of the monomer, 3 and results in more facile oxidation with reduction becoming
more difficult, hence the observation of more negative reduction potential for M T T and

NTT.
Table 6.1 Monomer oxidation and polymer reduction potentials obtained from CVs (vs
Ag/Ag + ). Scan rate (100 mV/s). Solutions: monomer (0.05 M ) / T B A P (0.1 M V D C M .

Monomer EonSet ox Epc
V vs Ag + /Ag
____.

V vs Ag + /Ag

_

0.23

MTT

0.68

-0.61

NTT

0.69

-0.60

NT 1.01
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Compounds N T T , M T T and M T

have similar cyclic voltammetric features upon

repeated cycling which is illustrated by the C V of N T T in Figure 6.3 . The increasing
current during monomer oxidation, on consecutive cycles in Figure 6.3 is evidence for
the growth of electroactive homopolymer films. The polymer reduction response (Epc)
in Figure 6.3 also increases upon cycling. For all three monomers, the current increases
on the reverse sweep of the anodic portion of the scan, indicating rapid polymer
deposition.

This was more evident for the terthiophene derivatives, which also

displayed larger currents during growth than M T .

-1
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0
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1

1.5

2

E(V)

Figure 6.3 CV obtained from the oxidation of NTT for 3 Cycles (vs Ag/Ag+). Scan rate
10 mV/s. Solution: N T T (0.05 M ) / T B A P (0.1 M ) / D C M .

Potentiodynamic cycling of NTT and MTT at slow scan rates (lOmV/s) produced
powdery, black deposits that did not adhere well to the electrode surface, regardless of
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substrate, whereas films grown from M T were more compact.

The formation of

powdery films is typical of polymers grown from TT ,4'5'6'7 and free standing films
could not be grown from either NTT or MTT. Powdery deposits are thought to form
from terthiophene because of the incorporation of oligomers within the film.1
Increasing the conjugation length of the monomer stabilises the radical cation formed
upon oxidation, and coupling of the oligomers becomes less favourable. A decrease in

the regioselectivity between the a- and p-positions, also increases the number of chai
defects and decreases the conjugation length of the polymer.

6.3.1.2 Effect of Scan Rate On Homopolymer Growth.

As mentioned the growth of PNTT films at slow scan rates (i.e. 10 mV/s) resulted in
thick, porous films. However, growing PNTT films at higher scan rates (100 mV/s and
200 mV/s) produced smooth, lustrous, compact, films that were blue/purple in the

oxidised state, and orange/red when reduced. Thin films, as opposed to thick films hav
been reported to be more ordered, and possess a smaller distribution in mean
conjugation length within the polymer.4'6 Evidence to support this is discussed in
subsequent sections. The EonSet ox of NTT was observed to be independant of growth
scan rate, indicating rapid kinetics during the polymerisation process. The
polymerisation of MT is also affected by scan rate, however, unlike NTT and MTT, an
electroactive film could not be grown at high scan rates. Repeated cycling of the
monomer solution at a scan rate of 200 mV/s resulted in passivation of the current on
glassy carbon electrode.

202

6.3.1.3 Galvanostatic and Potentiostatic Growth of Homopolymer Films.

Chronopotentiograms of NTT, MTT and MT all display a decrease in potential as a
function of time at a current density of 1 mA/cm2, suggesting the deposition of an

electroactive film (Fig. 6.4). Table 6.2 shows the initial potentials recorded at th
of film growth. These potentials were used during potentiostatic growth experiments.
Galvanostatically produced polymers were deposited consuming three different levels

charge, 0.0021, 0.021, 0.042 C for each monomer, to compare the effect of thickness on
the electrochemical behaviour of the film. This was repeated for films grown
potentiostatically.
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Figure 6.4 Polymerisation of NTT at a constant current of 1 mA/cm2 vs Ag/Ag
Solution: m o n o m e r (0.05 M V T B A P (0.1VDCM).
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Table 6.2 Growth potentials at the onset of polymer deposition observed during
galvanostatic growth (current density = 1 m A / c m 2 vs Ag/Ag + ) of homopolymer films.
Solution: m o n o m e r (0.05 M ) / T B A P (0.1)/DCM).

Growth Potential

MT

NT

MTT

1.30 V

1.24 V

0.69 V

NTT
0.75 V

Chronoamperograms of N T T , M T T and M T show an increase in current response over
time again indicating the growth of electroactive films. Terthiophene films grown by
galvanostatic and potentiostatic methods (are visibly) not as thick or porous as films
grown potentiodynamically, regardless of growth time.

These observations are

supported by S E M data. Films grown at constant potential and constant current were
also found to be less adhesive to the glassy carbon substrate.

6.3.1.4 Electrochemical Behaviour of Films Grown by CV.
The post-polymerisation C V s of the films discussed in this section were scanned
between +0.80 V and -1.00 V at 10 m V / s for 3 cycles. The initial andfinalpotential are
labeled on the C V s by a black dot. Most films deposited in the oxidised form were
scanned from the upper switching potential +0.8 V. The electrochemical behaviour of
P M T is shown in Figure 6.5, which displays an oxidation response E p a (0.43 V ) and
two reduction peaks Epci (0.43 V ) and E pc2 . E p a corresponds to the oxidation of the
polymer and presumably the inclusion of the counter anion perchlorate, while Epci and
E p c 2 correspond to the expulsion of the counter anion.
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Figure. 6.5 C V of P M T (vs Ag/Ag+). Scan rate of 10 mV/s. Supporting electrolyte:
TBAP (0.1 M ) / D C M . Film polymerisation: Limits +2.00 V to -1.00 V. Scan rate of
100 mV/s, 1.5 cycles. Solutions: M T (0.05 M)/TBAP (0.1)/DCM.

Figure 6.6 and Figure 6.7 are the CVs of PNTT and PMTT respectively. Un
CVs of monomers N T T and M T T , which are similar, the CVs of P N T T (Fig. 6.6) and
P M T T (Fig 6.7) are different. The C V of P M T also differs from that of P M T T and

PNTT.
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Figure 6.6 The C V of P N T T (vs Ag/Ag+).

0.2

0.4

0.6

0.8

Scan rate of 10 mV/s. Supporting

electrolyte: T B A P (0.1 M ) / D C M . Film polymerisation: Limits +2.00 V to -1.00 V.
Scan rate of 100 mV/s, 1.5 cycles. Solutions: N T T (0.05 M)/TBAP (0.1)/DCM.
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Figure 6.7 Post-growth CV of PMTT(vs Ag/Ag+). Scan rate of 10 mV/s. Supporting
electrolyte: T B A P (0.1 M V D C M . Film polymerisation: Limits +2.00 V to -1.00 V.
Scan rate of 100 mV/s, 1.5 cycles. Solutions: M T T (0.05 M ) / T B A P (0.1)/DCM.

Post-polymerisation CVs of Polythiophene grown from Th, BT or TT are known to be
slightly different.8 P T h as opposed to P T T usually has broader redox responses. The
sharper redox peaks often seen in P T T indicate a narrower distribution in the mean
conjugation length of the polymer.9 P N T T (Fig. 6.6) and P M T T (Fig.6.7) also display
sharper redox responses to those seen for P M T (Fig. 6.5).

The broad oxidation peak Epai (Fig.6.6 and Fig. 6.7) is probably due to the inclusion
anions into the longer chain lengths with in the polymer. The sharper more intense peak
Epa2 (Fig.6.6 and Fig.6.7) is tentatively assigned to a similar process for shorter chain
lengths within the polymer that are more prolific.8'10 Thefirstcycle in both Figure 6.6
and Figure 6.7 display a sharp reduction peak EpC2 that decreases on subsequent cycles.
A s suggested in Chapter 1.6.1, this type of electrochemical behaviour in P T T m a y be
attributed to the solid state polymerisation of oligomers trapped within the polymer, *
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although, it is more pronounced for poly(terthiophene)s grown by galvanostatic and
potentiostatic methods.

The non-reversible reduction response at peak Epc3 (Fig. 6.6 and Fig. 6.7) is similar to a
peak observed in vinyl-based polymers with pendant thiophene oligomers.12 The peak
was attributed to the reduction of H+ ions expelled during the coupling of the pendant

oligothiophenes. It was noted by Higgins et al12 that the intensity of this reduction peak
decreases as the length of the pendant oligomers increases, while the main reduction
peak (at less negative potentials) increased in intensity. This was attributed to the

increased stability of radical cations in longer oligomers, reducing the coupling reactio
(hence the decrease in H+ ion production).

The presence of an H+ ion reduction peak in the post-polymerisation CVs of PNTT and
PMTT would support the occurrence of solid state polymerisation, as it is evidence for
further coupling reactions taking place within the polymer. The second cycle in Figures
6.6 (PNTT) and Figure 6.7 (PMTT) display a shift towards lower potentials (Epa2),
which could also result from the coupling of oligomers to form higher molecular weight
polymers. Peak EpC3, as expected, disappears after the first cycle.

The oxidation peaks Epai and Epa2, for PNTT (Fig. 6.6) are both at more positive
potentials than for PMTT (Fig. 6.7) and the reduction potentials also shift accordingly.
As explained in the previous section this suggests that the effect of the nitrostyryl
substituent either decreases the mean conjugation length of the corresponding polymers

because of steric effects, or the nitro-styryl substituent alters the electronic properti
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the polymer backbone by withdrawing electrons.

6.3.1.5 Redox Behaviour of Polymers Grown by Constant Current and Constant
Potential.
The post-polymerisation CVs of PNTT and PMTT grown at constant current and

constant potential are different from CVs of films grown by CV. This is in contrast to
PMT where there is less variation according to growth method.

Figure 6.8 is a CV of PMTT grown at a constant potential, the most obvious difference
between the CVs of PNTT and PMTT grown by potentiodynamic methods and

potentiostatic methods was the large reduction peak Epci present in the first cycle. T
large reduction peak has been reported to be caused by a large number of reactive
oligomeric species within the film,4'11'10'13 where the peak disappears after the first

due to solid state polymerisation. The reduction peak EpC2 also disappears after the f

cycle and may be due to the reduction of H+ ions generated by the coupling of reactive
oligomers within the polymer.12 The films grown by potentiodynamic methods are
subject to potential cycling during polymerisation therefore the large reduction peak
may not have been as evident in post-polymerisation CVs. Polymerisation of MTT and
NTT was carried out with a higher potential limit (+2.00 V) than potentiostatic
polymerisation (+0.70 V). The higher polymerisation potential may have also induced

longer polymeric chains than in polymers deposited at a much lower constant potential.
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Figure 6.8 The post-polymerisation C V of a P M T T film grown at constant potential
(+0.70 V vs Ag/Ag+) to a charge of 0.0021 C. Scan rate of 10 mV/s in TBAP (0.1
M)/DCM.

Homopolymer films of PNTT (Fig. 6.9) grown potentiostatically exhibit a similar
reduction response to PMTT.
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Figure 6.9 T h e C V of P N T T grown at constant potential (0.75 V vs A g / A g + ) to a
charge of 0.048 C.
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The influence offilmthickness on P M T T and P N T T grown potentiostatically was also
investigated and homopolymer films were deposited consuming three different levels of
charge 0.048, 0.021 or 0.0021 C (section 6.3.1.2). Figure 6.10 is the C V of P M T T
grown potentiostatically to a charge of 0.048 C, and P M T T in Figure 6.8 was grown to
a charge of 0.0021 C. The intensity of the reduction peak, as expected, is proportional
to the charge passed during growth and the reduction Epai is larger in Figure 6.10 (0.048
C ) than Figure 6.8 (0.0021 C). The polymer grown to 0.048 C (Fig. 6.10) also has a
broader reduction peak at more negative potentials than the film grown to 0.021 C (Fig.
6.8).

These observations are consistent with a narrower distribution in the mean

conjugation length for thinfilmsgrown to a smaller charge.

-1

-0.5

0

0.5

E(V)
Figure 6.10 The post-polymerisation C V of a P M T T film grown at constant potential
(0.7 V vs Ag/Ag+) to a charge of 0.048 C. Scan rate of 10 mV/s in TBAP (0.1 M)/DCM.

Figure 6.11 is the CV of PMTT grown by constant current to a charge of 0.048 C. The
comparison of Figure 6.10 and 6.11 shows that films grown by potentiostatic and
galvanostatic methods respectively, display very similar redox behaviour.
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-1

-0.5

0

0.5

E(V)

Figure 6.11 The post-polymerisation CV of a PMTT film grown at constant current
0 —-

(current density = 1 m A / c m ) to a charge of 0.048 C. Scan rate of 10 m V / s in T B A P

(0.1 MVDCM.

Another example of solid state polymerisation is seen in Figure. 6.12, which is a post
polymerisation CV of PNTT grown at constant current. The first cycle has prominent
oxidation and reduction peaks, Epai and Epci that may be associated with reactive
oligomers trapped within the polymer. The second and third cycles show redox

behaviour more typical of polythiophene. The decrease in the oxidation potential of th

polymer during the second cycle suggests that longer polymeric chains are present, wit

a greater mean conjugation length, as a result of oligomeric coupling in the first cyc
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0.5

-0.5

E(V)
Figure 6.12 A post-polymerisation C V of P N T T grown by constant current (ImA/cm )
to a charge of 0.021 C. Scan rate of 10 mV/s in T B A P (0.1 M V D C M .

6.3.2 UV-Visible Spectroscopy.

6.3.2.1 UV-Visible Spectra In The Oxidized and Reduced States.

The UV-visible spectra of PNTT, PMTT and PMT in Figure 6.13, Figure 6.14 and
Figure 6.15 respectively display electrochromic properties characteristic of electroactive
polythiophenes (Chapter 2.2.5). In the reduced polymers peak A, at approximately 330
n m is close to the absorption peak observed for the terthiophene monomer 1 1 , 1 4 and m a y
be attributed to starting material or oligomeric species within the film. Peak B is
attributed to the n-n* transition in the conjugated polymer. In the oxidised polymers
the bands associated with the charge carriers (i.e. polaron and bipolaron bands) are
present at longer wavelengths between 600-900 n m (Chapter 2.2.5).
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Figure 6.13 UV-visible spectra of P N T T in the oxidised and reduced states.
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Figure 6.14 UV-visible spectra of P M T T in the oxidised and reduced states.
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Figure 6.15 UV-visible spectra of P M T in its oxidised and reduced states.
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Incorporating a substituent onto the 3' position of the terthiophene (i.e. P M T T and

PNTT), as expected gave rise to a different absorbance pattern. Table 6.3 illustrates t

difference in the absorbance of the UV-visible spectra with respect to both chain leng
and substituent. Peak B for PMTT and PNTT is at longer wavelengths than the same
peak for PMT and PNT (not shown above) respectively, indicating that the chainlength
of the starting monomer influenced the properties of the resultant polymer. The
substituent also had an effect on the absorbance of the polymer with peak B being at
longer wavelengths for PMTT and PMT than PNTT and PNT respectively.

Table 6.3 UV-Visible absorbance peak maxima forfilmsin the reduced state.

Peak A

PeakB

PNT

343

448

PNTT

343

407

PMTT

372

514

PMT

368

491

6.3.2.2 The Effect of Electrochemical Conditions Used for Growth on the UV-Visible
Absorption.

The method and conditions of film growth are known to dramatically alter the

conjugation length of the resultant polymer, especially in the case of polymers derive
from terthiophene.15 Film thickness also affects the conjugation length and quality of
resultant polymer. Figure 6.16 shows the UV-visible spectra of PMTT in the reduced
state polymerised using different electrochemical methods.
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Figure 6.16 The effect of the electropolymerisation method on P M T Tfilms(reduced
state), (a) potentiodynamic growth, limits +2.00 V to -1.00 V (vs Ag/Ag+), for 2.5
cycles at lOOmV/s (b) constant current (ImA/cm2) to a charge of 1.00 C, (c) constant
potential (+0.70 V vs Ag/Ag+) to 1.00 C.

Film (a) was grown by CV, films (b) and (c) were both grown to a charge
constant current and constant potential respectively. Films grown at constant potential
and constant current display very similar UV-visible spectra, both of which are different
to thefilmsgrown by CV. The absorbance of peak 2 for (b) and (c) is less than than the
absorbance for peak 1. This suggests that thesefilmsmay contain a large amount of
monomer or shorter chain oligomers in comparison tofilm(a), the spectrum of which
displays a higher absorbance for peak 2 than peak 1.

These results support the electrochemical characterisation of films grow
growth methods which found that terthiophene films grown by galvanostatic and
potentiostatic methods appeared to be thinner and contained a greater amount of
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oligomeric species thanfilmsgrown by C V .

Homopolymer PNTT also appears to be sensitive to growth conditions, as evidenced by
electrochemical and UV-visible characterisation. Table 6.4 summarises the n-n*
transition of the reduced films grown by CV, by constant current and constant
potentials.

Table 6.4 The UV-Visible absorbance of P N T T Films Deposited B y Different Growth
Methods
Peak A

PeakB

(nm)

(nm)

C V at 50 mV/s

382

517

Galvanostatic

366

470

Potentiostatic

373

496

The growth method has less effect on P M T than it did for P M T T and P N T T , which is
also supported by electrochemical characterisation of PMT films.

6.3.3 Infra-Red Spectroscopy
Characterisation of polymers by IR spectroscopy was carried out on films grown by CV
onto stainless steel as described in (Chapter 2.2.6). The aim of this section is to

investigate the effect of the monomer on the resultant polymer conjugation length. D
to the availability of PMTT, the IR spectrum of PTT is compared with PNTT in its
place. Monomers TT, NT and NTT are also compared to establish trends in the IR-

spectra with respect to monomer length and substituent since in these systems the ch
length and composition are known.
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6.3.3.1 Characterisation of Films By IR Spectroscopy.
Table

6.5 is a comparison

of the absorbance

peaks

and their tentative

assignments16'17,18,19

Table 6.5 IR shift Assignments For T T , N T , N T T , P T T and P N T T
TT

NT

NTT

vN0 2 s m

-

1345

1335

1340

v asym

-

1513

1507

1516

vC=C

-

1630

1625

vC=C Ph

-

1594

1586

1496

1490

1490

1494

1458

1436

1457

1438

1377

1384

1197

1184

v

anti

PTT

PNTT

1593

C=CTh
*sym

1448

C=-Th
v

antti

Broad peacs over this region

CCm
vCa-C«

1184

1206

1210

1109

1107

1035

1033

793

793

inter-ring
v

anti

cio st
*sym

C10rt
vCpH

797

C-S
vC a H

690

626

626

623

622

703,

703,

701,

701,

690

690

687

689

Figure 6.17 is an overlay of the IR spectra of the monomers T T and N T T . The spectra
of N T T and N T display distinct, intense signals at 1345 and 1335 cm"1 respectively
which are attributed to the N 0 2 substituent (v N 0 2 s y m ) along with signals at 1513 and
1507 cm"1 that are attributed to the asymmetric stretch (v N 0 2 a s y m ) for the respective
monomers. 18 ' 19 For both the symmetric and asymmetric stretches the m o n o m e r N T T

exhibits peaks at lower frequencies than N T which is often observed when the

conjugation length of an oligomer has increased. ' This suggests that the terthiophen
backbone of NTT is affecting the bond force constants of the nitro group. Some
authors16'20'21'22 have assigned the peaks in the low 1500 cm"1 region to the
antisymmetric vibration of (vantiC=C) in the thiophene backbone. In this work,

however, the peak is prominent only in polymers containing the nitro-styryl substitue
therefore the two peaks at 1541 and 1593 cm"1 have been assigned to the aromatic
unsaturated carbon stretch in the phenyl ring (v, C=C).18'19

550

750

950

1150

1350

1550

1750

1950

Wavenumbers (cm 1 )

Figure 6.17 The IR spectra of monomers TT and NTT

The alkene linker in monomers NTT and NT appears at 1625 and 1630 cm"

respectively, as peaks of medium to low intensity. The alkene peak in the terthiophen

monomer has a lower relative intensity than for the thiophene homologue. The region i
which the alkene peaks were observed in the monomer contains a multitude of small
peaks in the polymer, due to water and could not be completely removed even after

drying. Given the low concentration of the alkene group in the homopolymers it may be
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too small to observe. However, there is also the possibility that upon oxidation of the
polymer the alkene peak could shift dramatically to a lower wavenumber and may be
incorporated into the broad peak associated with the carbon stretches in the phenyl
at approximately 1595 cm"1. The more delocalised the structure, the less the normal
stretching modes of the alkene functionality apply.

Another explanation for the absence of an alkene signal, is the occurrence of cross

linking through the alkene during polymerisation. This was thought to take place upon
polymerisation of NT. However, it has been proven that electroactive polymers are
formed in the case of PNTT.

The antisymmetric vibrations of the aromatic thiophene unsaturated carbons (Vanti,,
C=C) are assigned to bands at 1496, 1490 cm" for the respective monomers TT and
NT, and at 1494, 1488 cm"1 for respective polymers PTT. The wavenumbers associated

with the symmetric stretch of the aromatic thiophene bonds (vsym>, C=C) are 1458, 1436,
1457 cm"1 for monomers TT, NT, NTT respectively, and 1438, 1448 cm"1 for PTT,
PNTT, respectively. PTT has the lower wavenumber indicating greater conjugation
whereas the wavenumber for NTT and TT is essential the same. However, the

wavenumber for NT is at a much lower value and may be due to the greater planarity of
this monomer.
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The asymmetric vibrations of the saturated carbon bonds (vanti, C-Cth) are seen at 1377
and 1384 cm"1 respectively for monomers TT and NT. PTT as well as the related
polymers PNTT and NTT have a broad band over this region that incorporate both the
asymmetric and symmetric saturated carbon/carbon, thiophene ring vibrations which
makes exact assignment of different modes difficult.

Inter-ring Ca- Ca vibration16'21 is assigned to peaks at 1206, 1210, cm"1 for PTT, PNTT,
respectively and monomers TT and NTT have peaks at 1197 and 1184 cm"1. A shift to

higher wavenumbers has been observed for the inter-ring vibration as conjugation leng

increases.16 The shifts reported for this set of compounds indicate that PNTT has a gr
mean conjugation length than the PTT.

Broad peaks at 1035 and 1033 cm"1 for PTT and PNTT respectively are not found in
the spectra of monomers and have been assigned to the symmetric perchlorate stretch.
Wavenumbers in this region have also been assigned to C-H deformations.15'16'20 Peaks
found at 1109, 1107, cm"1 for PTT and PNTT respectively are assigned to the
0 0%

antisymmetric perclorate ion stretch. ' '

The peak positions for the Cp-H are at 793 cm"1 for both PTT, PNTT. As expected the

intensity of this peak is higher in PTT and is less intense for PNTT (Fig. 6.18). Thi
may be due the the high degree of substitution and shorter conjugation length.
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Figure 6.18 The IR spectra of homopolymers PTT and PNTT

Weak signals that are unassignable are also present at higher wavenumbers in the

cm"1 region and are due to C-H vibrations. The C-S vibration15 is assigned to pea

the region of 625 cm"1 present in all the polymers and monomers. Different vibra

modes also appear around 840 cm"1'20'21 but these are too difficult to assign with
accuracy.

From these results the substituent is having an effect on the IR properties of t

although the difference is less pronounced between NTT and TT than for NTT and N
which may be due to the less planar structure of the former. PTT does appear to
more highly conjugated than PNTT.
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6.3.4 Surface Morphology

6.3.4.1 Scanning Electron Microscopy (SEM)

It appears from electrochemical characterisation that the growth method may change
structure of PNTT and PMTT films with respect to chain length (section 6.3.1). SEM
was used to investigate whether these changes were manifested in films morphology.
Three films were grown on glassy carbon discs from solutions of NTT (0.05M) in
TBAP (0.1 MVDCM . One film was grown for 1 cycle between an upper limit of+2.00
V and a lower limit of -1.00 V at a scan rate of 100 mV/s. The other two films were
grown at a constant current (current density of 1 mA/cm2) and a constant potential
(+0.75 V). Both films were grown to a charge of 0.010 C and were reduced at a
constant potential of-0.50 V.

SEM images were taken at the centre and the edge of each film. Films grown

potentiostatically (Fig. 6.19) and galvanostatically (Fig. 6.20) contained cracks t
illustrate the brittle nature of these polymers. These films appear predominantly
compact and smooth in the central regions, however, small protruding growths or
nodules are present and become more prevalent towards the edge of the films.
Potentiodynamic growth produced porous, fluffy looking films with a large number of
nodules across the surface (Fig. 6.21).
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Figure 6.19 A n S E M of P N T T grown potentiostatically (0.75 V ) to 10 m C
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Figure 6.20 S E M of P N T T grown galvanostatically (1 mA/cm 2 ) to 10 m C .
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Figure 6.21 A n S E M of P N T T grown potentiodynamically between +2 V and -1 V , at a
scan rate of 100 mV/s, 1 cycle.

Polythiophenes and polythiophene derivatives have been shown by others to contain
these nodular growth patterns.6'24 Yassar examined the morphology of P M T films at
different stages of growth. It was found that the morphology of the electrode side of the
film was independent of film thickness, whereas the solution side evolved rapidly
during growth. Initially the surface was smooth indicating a compact structure, upon
which nodules formed as the film grew thicker and became more disordered.6

It was unclear in this study whether the porous morphology of the films grown
potentiodynamically is due to increased thickness, as the charge passed could not be
monitored.

The appearance of a greater number of nodules towards the edges of

galvanostatically and potentiostatically grown films indicates a thicker polymer is
forming around the periphery of the film. However, it has been shown in section 6.3.1.6
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that some of the redox characteristics of the films grown by potentiostatic and
galvanostatic methods are independent of charged passed during growth.

Therefore, it can be concluded that SEM micrographs of PNTT do show a difference in
film morphology with respect to growth method. Although, these differences may be

due to film thickness or the lower potential applied during potentiostatic growth than
polymersation by CV. Films grown by potentiostatic and galvanostatic methods appear
to be thinner and more compact than those grown by CV. The compact nature of
Figure 6.19 and Figure 6.20 is consistent with shorter polymer chains and more ordered
packing. The growth of oligomers and the subsequent solid state polymerisation as

speculated upon during electrochemical and UV-visible characterisation is in agreement
with SEM observations. Further SEM data on films grown to different thicknesses and

polymerisation potentials is required to establish the effect polymerisation method ha
on film morphology, along with SEMs of films grown by CV and potentiostatic
methods, before and after post-polymerisation cycling.

6.4 Conclusions
The homopolymers of NTT were found to be electroactive and can be grown using a
number of electrochemical methods. PMTT and PNTT form powdery deposits when
grown by CV although potentiostatic and galvanostatic growth methods produce thinner
more ordered films. Solid state polymerisation is evident during electrochemical
characterisation of films grown my constant current and constant potential.
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The electrochemical and physical properties of P M T T and P N T T are similar, whereas

the properties of PMT and PNT are very different. This may be due to le

steric factors in the terthiophene monomers and polymers. One of the dr

PNTT and PNTT/TT polymers as opposed to PNT/BT is that the former showe

mechanical properties, whereas free standing films of PNT/BT could easi

Further analysis of these films on I.T.O coated glass is given in Chapt
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CHAPTER 7

PHOTOELECTROCHEMICAL CELLS
BASED ON
HOMOPOLYMERS AND COPOLYMERS
FROM THIOPHENE DERIVATIVES.
7.1 Introduction

The increasing interest in the use of conducting polymers for application in photovoltai
devices has been established1 (Chapter 1.3 and 1.7). Polythiophene and its derivatives
have been found to exhibit promising photoelectrochemical properties.2'3'4'5 In this
chapter the effect of electron withdrawing and electron donating substituents on the
photovoltaic performance of polythiophenes has been studied by incorporating the
PSTD/BT copolymers or PBT (Scheme 7.1) into photoelectrochemical cells.
Furthermore, the need to improve charge transport properties of organic photocells has
been recognised. The charge transport properties in reduced conducting polymers are
poor and are not conducive to efficient charge collection and overall energy

conversion,6'7 regardless of the efficiency of exciton formation or charge separation. In
order to address this, the photovoltaic response of PSTD/BT copolymer and PBT films

at different levels of doping (oxidation) has been investigated. Several studies to date

on the effect of the doping level in Schottky junction devices8 (not photoelectrochemical

228

cells) have been carried out. However, the substituent was not varied to see if this alters
the negative effect of increased doping levels on the photovoltaic response.

The electrochemical polymerisation and characterisation of films deposited onto I.T.O
coated glass and incorporated into the photoelectrochemical cells was investigated. It
was also neccessary to characterise films by UV-visible spectroscopy for the specific
polymerisation conditions employed for film deposition.

m

N 0 2 (NT)
CN (CT)
H
(PhT)
OMe (MOT)
N M e 2 (DMT)
PBT

PSTD/BT
Scheme 7.1

Figure 7.1 schematically depicts the electrochemical processes that occur within the cell
upon illumination. This approach to cell design was previously described for PMT.
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Figure 7.1 Electrochemical processes in the photoelectrochemical cells fabricated in
this study.

In this cell design the polythiophene functions as a p-type semiconductor where the
dominant charge carriers are holes or hole polarons. Illumination of the polymer results
in electron excitation and is thought to cause formation of an exciton (a hole/electron

pair).9'10 Charge separation of the excitons is facilitated at the polymer/liquid electrolyte
junction. The electrons are injected into the tri-iodide ions, which act as electron
acceptors and iodide ions are formed. This process results in positive holes being left at
the I.T.O. coated glass/polymer interface. When these positive holes are connected via
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an external circuit to the platinum coated I.T.O. glass counter electrode, the counter
electrode becomes positively charged. This, in turn, results in the oxidation of iodide
the tri-iodide at this counter electrode. Thus, the platinum coated counter electrode
gains electrons which in turn enables the reduction of the tri-iodide species to iodide

again. Therefore, the cell converts light to electricity in a renewable process where th
is no net chemical reaction. It is generally accepted that the different work functions
the electrodes result in charge collection.9 Although, recent studies have found that
charge transfer between the polymer and I.T.O. coated glass alone is not related to the
difference in work functions11. Photovoltaic parameters used in this chapter have been
defined previously (Chapter 2.4.5)

7.2. Experimental
Copolymer films of Bithiophene with styryl thiophene monomers were prepared
electrochemically in a three-electrode, one-compartment cell system (section 2.2.3) on
I.T.O. as the working electrode

The copolymers were grown from a solution containing BT (0.01 M) and the respective
STD monomer (0.01 M), in an electrolyte solution of TBAP (0.1 M) /ACN. All
copolymers were grown potentiostatically (Eappi 1.5 V) to a specific charge density of
0.0112 C/cm2 or 0.03 C/cm2 for copolymer containing MOT. All films were rinsed in
ACN after growth. Polybithiophene was initially grown galvanostatically to establish
the optimum potential for film growth. A current density of 1 mA/cm2 gave an initial

polymerisation potential of 1.2 V. This potential was employed for the deposition of the
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P B T films to the stated charge density. It was found that upon the addition of the S T D
co-monomer during growth, blue soluble oligomers were formed at the electrode surface
and a higher potential of 1.5 V was needed to establish film deposition. PSTD
homopolymer films were not used in this study due to poor film quality or lack of film
growth.

7.2.1 Electrochemical Characterisation.
The electrochemical characteristics of the copolymers were analysed by CV over a
potential range, between 1.5V and -0.50 V at a scan rate of 50 mV/s in a supporting
electrolyte of TBAP (0.1 M)/ACN.

7.2.2 Post-polymerisation Conditioning of Films

To investigate the effect of different redox states of the copolymer on the photovoltai
response of the copolymer films, they were conditioned potentiostatically in fresh

electrolyte solution (TBAP (0.1 M) / acetonitrile) at different set potentials. After t
films were conditioned at -0.5, -0.25, +1.00, +0.25, +0.50, +0.75 and 1.5 V . (in

duplicate or triplicate), they were analysed by UV-visible spectroscopy to determine th
oxidation state, immediately prior to device fabrication and testing. The
photoelectrochemical cell design was the same for all the devices (Chapter 2.4.4).
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7.3 Results a n d Discussion

7.3.1 Electrochemical Polymerisation and Characterisation of Films Grown onto I.T.
Coated Glass.
All PSTD/BT and PBT films were deposited at the same constant potential and were
polymerised to the same level of charge (section .2). CVs obtained for PBT and each
the PSTD/BT copolymers are shown in Figures 7.2 and 7.3a-e respectively. In all
cases, the polymer underwent reversible colour changes from blue (oxidised) to
red/orange (reduced). Photovoltaic experiments were conducted on films conditioned

different potentials (doping levels) between -0.50 and +1.50 V. All post-polymerisa

CVs have initial and final potentials corresponding to the upper switching limit of
V expect for PBT CVs, where the upper limit is +1.2 V. The limits displayed in the

figures may not correspond to the limits of the CV, as figures have been expanded to
maximise the redox peaks for ease of interpretation.

1 0.6 -

<
a, 0.2 -0.2 -0.6 0

0.2
E(V)

0.4

0.6

0.8

1

1.2

Figure 7.2 The post polymerisation CV of PBT (vs Ag/Ag+), scan rate 50 mV/s, 3

cycles. Supporting electrolyte: TBAP (0.1 M)/ACN. Polymerisation: constant potentia
(1.20 V)toacharge density of 0.0112 C/cm2, BT (0.01 MV TBAP (0.1 M)/ACN.
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Figure 7.3a-e The post-polymerisation C V s of (a) P N T / B T (b) P C T / B T (c) PPhT/BT
(d) P M O T / B T (e) P D M T / B T on I.T.O. coated glass (vs Ag/Ag + ), scan rate 50 mV/s, 3
cycles. Supporting electrolyte: T B A P (0.1 M)/ACN.

Polymer growth:

constant

potential (1.50 V ) to a charge of 0.0112 C/cm2, B T and S T D (0.01 M V T B A P (0.1
M)/ACN.

Peaks Epa2 and Epai in Figures 7.3a-e are associated with the oxidation and doping
processes of the copolymer, the potential of which is related to the H O M O energy
levels. Peaks Epci and E p c 2 are associated with the expulsion of the counter-anion, or
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dedoping of the copolymer. The reversibility or re-establishing of charge neutrality in
the polymer backbone is also associated with the H O M O energy level, as insertion of an
electron into the L U M O energy level would result in cation inclusion and not a neutral
polymer backbone. From these C V s it can be seen that thefirstcycles show a reversible
electrochemical response. Although, the reversible redox properties of P M O T / B T (Fig.
7.3d) are less pronounced. The current decreases on subsequent scans, which suggests
that the copolymers are over-oxidised at an upper limit of 1.50 V.
polymerisation

C V s of copolymers

PPhT/BT

and P D M T / B T

The post-

show

similar

electrochemical characteristics. Both have a small reduction E p c 3 at negative values not
present for any of the other copolymers (Fig .7.3c and 7.3d).

Table 7.1 The peak potentials of PSTD/BT copolymers and PBT. The postpolymerisation C V s on I.T.O. coated glass. Limits -0.5 V - +1.5 V ( vs Ag/Ag + ), scan
rate 50 mV/s, 3 cycles. Supporting electrolyte: T B A P (0.1 M V A C N . Polymer growth:
constant potential (1.50 V or 1.20 for P B T ) , B T and S T D (0.01 M ) / T B A P (0.1
M)/ACN.

Epal (V)

E p a 2 (V)

Epal (V)

EpC2 (V)

PBT

0.90

0.76

0.36

PNT/BT

1.00

0.74

0.43

PCT/BT

0.99

0.82

0.50

PPhT/BT

0.99

0.33

0.79

0.55

PMOT/BT

0.91

0.48

0.78

PDMT/BT

0.88

0.40

0.90

EPC3 (V)

-0.12
-0.06

0.60

Table 7.1 summarises the peak oxidation and reduction responses of the P S T D / B T
copolymers and P B T . It shows a general decrease in the main copolymer oxidation
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potentials (Epai) from the incorporation of electron withdrawing (NO2), to electron
donating (NMe2) substituents. PBT has a less positive oxidation potential (Epai) than
PCT/BT and NT/BT both of which carry electron withdrawing groups. Copolymer
PPhT/BT is an anomaly, with Epa2 being lower in value than that of PDMT/BT

Reduction peaks Epci and Epc2 show a general increase in potential from electron
withdrawing to electron donating, which means the increased donor capability of the
substituent is increasing the ease of copolymer reduction (ie moving it in a positive
direction). This result contradicts what is expected, as increasing the HOMO energy
levels decreases the electron affinity of the copolymer and hence decreases the ease of
reduction, and therefore the cathodic potential of polymer. Copolymers incorporating
electron-withdrawing groups would be expected to exhibit lower HOMO levels and
increase the ease of reduction (move to positive reduction potentials). This however,
was not observed in CVs in this study and the opposite results were obtained.

The increased ease of reduction with increased donor capability is supported by results
obtained in previously mentioned (Chapter 5.3.2.5) qualitative time delayed UV-visible
experiments. It was found that over time the films were reduced, turning orange /red.
The copolymers incorporating electron donor groups 'self reduced' over a shorter period

of time. The ease of reduction fits the increased anodic value of the reduction potentia
for copolymers such as PDMT/BT. Films were incorporated into devices and tested
immediately after polymer conditioning, to minimise the effect of 'self reduction' of
polymer films on photovoltaic testing at different levels of oxidation.
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Trends in photovoltaic behaviour at various levels of oxidation (discussed later), mirror
to some extent, the electrochemical characteristics of the films. The increase in

potential of reduction peaks in copolymers correlates with devices that exhibit stabilit

of photovoltaic response at more positive conditioning potentials. It could be speculate

that, as seen in the trends of film conductivity, the electron withdrawing group stabili
the conductive quinoidal form of the copolymer, whereas donating groups could act as a

destabilising influence to the conductive form. It is interesting to note that the gener
trend in reduction potentials on glassy carbon electrodes is as expected, with PNT/BT
displaying more anodic reduction responses than PDMT/BT.

The copolymer PBisT/BT was also grown potentiostatically at 1.5 V. It appears to be
over-oxidised either from the growth at 1.5 V, or cycling to an upper limit of 1.5 V,
(Fig. 7.4) as the current response dramatically decreases after the first cycle, more so
than for the other PSTD/BT copolymers. This may account for the small
photoelectrochemical response observed from these copolymers, regardless of the
conditioning potential. Further work on PBisT/BT is required to establish its
photoelectrochemical response, from films grown under milder conditions.
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Figure 7.4 Post-polymerisation CVs of PBisT/BT on I.T.O. coated glass Scan rate 50
mV/s, 3 cycles.

7.3.2 UV-Visible Spectroscopy

UV-visible spectra for each of the copolymers were recorded immediately prior to
device fabrication and found to be similar to that obtained for PBT. Figure 7.5

compares the films that were conditioned at a potential of-0.50 V, the n-iz* transi

wavelengths in the 450 nm region shifts slightly in accordance with the substituent
attached. Electron withdrawing groups (-N02 and -CN) move the band slightly to

longer wavelengths whereas the electron donating group (-NMe2) has the inverse effe

The change is small due to the low ratio of substituted thiophene to bithiophene in

copolymers. It is unclear whether this shift is due to an increase in mean conjugat
length of the copolymer or due to a change in the band gap structure caused by the
substituent.

The UV-visible spectra of films conditioned at 1.50 V are seen in Figure 7.6. The
strong absorbance of the polaronic band at 750 nm upon oxidation, coupled with the

presence of a free carrier tail at 900 nm, is indicative of conducting polymers in the
oxidised and conducting state13'14 and are not present when films are reduced. The
spectra of these materials in their partially oxidised state (conditioned at 0.50 V)
absorbance characteristics that are in between their fully oxidised and fully reduced
states. Copolymers with lower oxidation potentials such as PDMT/BT are oxidised to a
greater extent. The UV-visible spectra of copolymers PPhT/BT and PMOT/BT are not
included on the graphs because devices made from them gave negligible photovoltaic
responses.
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Figure 7.5 UV-visible spectra of copolymer films conditioned at a potential of -0.50 V
(vs Ag/Ag + )(a) P N T / B T , (b) P C T / B T , (c) P B T , (d) P D M T / B T . Supporting electrolyte:

TBAP (0.1 MVACN.
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Figure 7.6 UV-visible spectra of copolymerfilmsconditioned at +1.50 V (Ag/Ag + ) (a)
P N T / B T , (b) P C T / B T , (c) P B T , (d) P D M T / B T . Supporting electrolyte: T B A P (0.1

MVACN.
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Figure 7.7 UV-visible spectra of copolymerfilmsconditioned at +0.750 V (vs Ag/Ag + )
(a) P N T / B T , (b) P C T / B T , (c) P B T , (d) P D M T / B T . Supporting electrolyte: T B A P (0.1
M)/ACN

Films conditioned at +0.75 V (Fig. 7.7) were predominantly blue in colour and the U V visible spectra display significant free carrier tails.
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7.3.3 Photovoltaic Testing
7.3.3.1 Current-Voltage Characteristics.

Each of the polymers and copolymers were prepared (Chapter 2.4.3) and
photoelectrochemical cells (as shown in Chapter 2.4.4) using liquid electrolyte were
fabricated. The photovoltaic performance of each polymer or copolymer in their

different oxidation states was then determined from parameters (chapter 2.4.5) obtained
from the linear sweep voltammetry of the devices, between a potential range determined
by the maximum and minimum voltage output of devices under illumination.

A typical current-voltage response for the copolymers is shown in Figure 7.8 . Current
response in the dark is indicated by curve (a). Illumination with polychromatic light
(500 W/m2) clearly induces an increase in the current under negative bias on the
copolymer/I.T.O. coated glass electrode (curve b). This indicates a p-type
semiconductor.2 There is variation in the degree of photocurrent response depending on
the substituent, as well as the conditioned potential of the individual device. Another

variable that may affect the current response of a device is light intensity. Lower light
intensity is often used as it can produce higher Isc and Voc values.9'8'15 Many research
groups also use a monochromatic light source if the optimum absorbance wavelength is
known.9'7'10'8
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Figure 7.8 Linear sweep voltammograms of photoelectrochemical cell (PEC) made
from P B T . (a) P E C in the dark, (b) P E C irradiated with white light (500W/m 2 ).
Potential limits: -0.80 V to+0.40 V. Scan rate: lOOmV/s.

Copolymers PNT/BT, PCT/BT, and PDMT/BT all produce an increase in current upon
illumination.

The copolymer devices with methoxy ( P M O T / B T ) and hydrogen

(PPhT/BT) substituents, as well as the copolymer PBisT/BT show very little or no
change in the current-voltage characteristics when illuminated.

The copolymer

P M O T / B T , in particular, was difficult to electropolymerise on I.T.O. glass which m a y
have had an effect on its photoelectrochemical performance.

7.3.3.2 Open Circuit Voltage (Voc) vs Conditioning Potential.
The effects of the different substituents in copolymer devices on the open circuit voltage
(V oc ) were investigated (Figure 7.9). Devices incorporating P B T homopolymer or
P D M T / B T copolymer display stable V o c values up to conditioned potentials of+0.75 V.
V o c values for P B T and all the copolymers decreased when conditioned at potentials
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more positive than +0.75 V. Copolymer devices incorporating electron withdrawing
groups, PNT/BT and PCT/BT have higher overall Voc values than PDMT/BT, but start
to reduce in value at poised potentials more positive than +0.50 V.
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7.9 The average open circuit voltage (V oc ) vs poised potential, of

photoelectrochemical cells incorporating P S T D / B T copolymers and P B T .

7.3.3.3 Short Circuit Current (Isc) vs Conditioning Potential.
Typical Isc values for these copolymer liquid electrolyte devices are in the order of 35
uA/cm2 to 70 uA/cm2 which is more than ten times higher than values for similar
devices using solid polyelectrolyte in 3-methylthiophene photoelectrochemical cells

(This is not unexpected as liquid polyelectrolyte cells have lower resistances and usua
exhibit higher efficiencies than solid polyelectrolyte devices).

The trends in photocurrent response (Fig. 7.10) are different to those in photovoltage.
The Short Circuit Current (Isc) for PBT reaches a maximum value at a conditioning
potential of +0.25 V and then decreases. PNT/BT and PCT/BT again display
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consistent Isc values and decrease at conditioning potentials greater than +0.50 V. The
photocurrent response is unique for PDMT/BT (with an electron donating group

attached), in that there is a definite reproducible increase in the Isc values of copo

conditioned at potentials more positive than +0.25 V. The photocurrent, however, star
to decrease again at conditioned potentials greater than +0.750 V. The PSTD/BT
copolymers have a lower Isc than PBT, but devices containing polymers PNT/BT and
PCT/BT have a more consistent Isc over a wider potential range.

— * — PBT
- -• - PNT/BT
--•*••- PCT/BT
- •- - PDMT/BT

-0.5

Figure

-0.25

7.10 Average

0.1
0.25
0.5
Conditioned Potential E (V)

0.75

short circuit current (Isc) vs conditioning potential of

photoelectrochemical cells incorporating P S T D / B T copolymers and P B T .

7.3.3.4 Fill Factor (FF) vs Conditioning Potential.

P B T films reach their peakfillfactor (FF) at a conditioned potential of +0.10 V and

gradually decrease in value at higher conditioning potentials (Fig. 7.11). The FF value
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are more constant for films of P N T / B T and decrease at conditioned potentials greater
than 0.75 V. Films of PCT/BT increase slightly between conditioned potentials of 0.50 V and +0.50 V and decrease substantially at potentials more positive than +0.50
FF values of PDMT/BT again increase at conditioned potentials of +0.50 V and +0.75
V and decrease dramatically at +1.50 V.

-0.5

-0.25

0.1
0.25
0.5
Conditioning Potential E (V)

0.75

1.5

Figure 7.11 Average fill factor (FF %) vs conditioned potential of photoelectrochemi
cells incorporating PSTD/BT copolymers and PBT.

7.3.3.5 Energy Conversion Efficiency (ECE) vs Conditioning Potential

The trends in Figure 7.12 are similar to those in Figure 7.10 (Isc verses conditionin

potential) with PBT again reaching a top efficiency of almost 0.008 %, at a conditio
potential of +0.25 V with the average efficiency being 0.005 % . However,the
reproducibility of these PBT devices was poor. Devices of PDMT/BT again increase in
efficiency at conditioned potentials of+0.50 V and 0.75 V.
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Figure 7.12 Average percentage efficiency (% Eff) vs conditioning potential of
photoelectrochemical cells incorporating the named copolymers

7.3.4 Effect Of The Substituent On Photovoltaic Performance.

For photoelectrochemical cells assembled from fully reduced polymers or copolymers,
photovoltaic testing showed that polybithiophene homopolymer gave the best results
(Table 7.2). For copolymers, however, the presence of the electron withdrawing group,
-N02, gave a better performance than the electron donating group -NMe2, which may
be due to enhanced charge separation in the copolymer containing an electron
withdrawing group. In contrast, the presence of the electron withdrawing group -CN
resulted in the worst photovoltaic performance even though the BT:STD ratio for this
copolymer was 8:1. The low amount of -CN present may not be sufficient to enhance

charge separation within the device, but may be high enough to interrupt the conjugati
of the P B T present in the film.
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Table 7.2 Photovoltaic characteristics of photoelectrochemical cells assembled from
fully reduced polymers or copolymers.

Polymer

Voc (mV)

Isc (uA c m )

Fill Factor

Energy conversion
efficiency (%)

PBT

167

3QA

031

0.0034

P N T / B T (-N02)

167

21.8

0.31

0.0024

PCT/BT (CN)

157

10.2

0.27

0.0010

P D M T / B T (-NMe2)

154

16.5

0.32

0.0018

Notes: All copolymers were polymerised at 1.5 V, P B T was polymerised at 1.2 V to
the same charge of 0.0112 C/cm2. Full reduction was achieved by conditioning the films
on ITO coated glass at -0.50 V vs Ag/Ag + until current = 0 A

Table 7.3 shows the photovoltaic characteristics of PBT and PSTD/BT copolymers i
their partially oxidised state as a result of conditioning them at +0.50 V vs Ag/Ag + .
Once again, the P B T homopolymer gave the best energy conversion efficiency (ECE =
0.0033%). But for the copolymers, the electron donating group - N M e 2 gave the best
E C E (0.0030%). The electron withdrawing - N 0 2 group had a worse E C E (0.0023%)
and - C N had the worst E C E (0.0020%).
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Table 7.3 Photovoltaic characteristics of photoelectrochemical cells assembled from
partially oxidised polymers or copolymers

Polymer or Voc (mV) Isc (uA cm"2) Fill Factor Energy conversion
copolymer

efficiency (%)

PBT

163

28L6

032

00031

PNT/BT, -N02

174

19.7

0.29

0.0023

PCT/BT,-CN

166

16.5

0.33

0.0020

PDMT/BT,-NMe2

146

24.6

0.35

0.0030

Notes: All copolymers were polymerised at 1.5 V, P B T was polymerised at 1.2 V to the
same charge of 0.0112 C/cm 2 . Partial oxidation was carried out by conditioning the
films at +0.50 V vs Ag/Ag + .

Interestingly, partial oxidation of the copolymers containing -CN or -NMe2 improved
their photovoltaic responses as compared with their fully reduced state whereas there
was less effect on P B T or the - N 0 2 substituted copolymer. This improvement seen in
copolymers containing - C N or - N M e 2 , given that their fully oxidised state had very low
conductivities (23 and 0.08 m S cm"1 respectively), could be due to their partially
oxidised state being able still to function as semiconductors but with better
conductivities than in their fully reduced state. In a photoelectrochemical cell where the
backbone is ap- type semiconductor (electron donor) the presence of a group that could
compensate for the oxidised state of the copolymer by donating 7i-electrons could help
to produce a more stable photovoltaic response at higher conditioned potentials . The
electrochemical reduction characteristics of the films also support this. Fully oxidised
polybithiophene homopolymer or the copolymers had negligible photovoltaic responses.
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The trends seen for V o c , Isc, and F F values at different conditioning potentials (doping

levels) are similar to results of a recent study carried out on a ITO/poly(4,4'-dipento
2,2'-bithiophene) /aluminium, Schottky type system.8 Films were conditioned at 0.0 V,
+0.2 V and +0.3 V vs. SCE. It was reported that Voc and Isc values dramatically

decreased at positive potentials that corresponded to those at or close to the anodic pe
Q

potential. The photoelectrochemical cells in this thesis have relatively low efficiencies
but the presence of the styryl substituents in direct conjugation with the polymer
backbone does appear to stabilise the photovoltaic response at high conditioned
potentials.

7.4 Conclusion

In conclusion PBT and copolymers PNT/BT, PCT/BT, PDMT/BT all display a
photoelectrochemical response when incorporated into devices. PBT displays the
highest photovoltaic response although PSTD/BT do appear to stabilise the photovoltaic
performance in partially oxidised films. This could be due to the complex electronic
interactions of the substituents with the polymer backbone and the combined effect of
charge separation and resonance stabilisation, depending on the substituent attached.
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CHAPTER 8

PHOTOELECTROCHEMICAL CELLS
BASED ON HOMOPOLYMERS AND COPOLYMERS
OF TERTHIOPHENE DERIVATIVES

8.1 Introduction

Polyterthiophene grown from terthiophene has the potential to adopt a more ordered
10 ^

structure

than the generally amorphous polymers grown from thiophene, especially in

very thin films. This is due to the fact that polymerisation through the beta position i
minimised in thin films, even though in thick films beta substitution is thought to be
more prevalent in terthiophenes than thiophenes.4 Polythiophenes and polythiophene
oligomers with a well ordered closely packed structure have been shown to possess
greater charge carrier mobility due to interchain charge hopping.3'5 Effective charge
f\ 1

separation and mobility are intrinsic requirements in any photovoltaic device. '
Therefore, it is likely that some thin PTT films would be a useful component in
photoelectrochemical cells due to the greater homogeneous distribution in conjugation
length of the PTT chains affecting the likelihood of greater charge mobility.8
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In this chapter photoelectrochemical devices have been m a d e and tested using P T T and

polyterthiophene derivatives NTT. The nitro group as described in Chapter 6 is in direc
conjugation with the polyterthiophene backbone due to the presence of the alkene

linker.9'10 The use of styryl terthiophene derivatives (STTDs) reduces the steric effec
of the substituent and directs polymerisation towards the 2 and 5'" positions. The
presence of the substituent may also inhibit the occurrence of beta coupling defects.
Thus, the copolymer of terthiophene (TT) with the nitrostyryl terthiophene derivative
(NTT) was also electrosynthesised and characterised.

The polymers PTT, PNTT and PNT/TT (Scheme 8.1) were electrochemically grown
onto I.T.O. coated glass and characterised by CV and UV-visible spectroscopy before
being incorporated into photoelectrochemical devices. As in Chapter 7 polymers of

varying levels of oxidation were also systematically tested in photoelectrochemical ce
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N02

NO-

NO

PNTT/TT
Scheme 8.1
8.2 Experimental
8.2.1 Homopolymer and Copolymer Formation.

Homopolymer and copolymer films of unsubstituted and substituted terthi

prepared electrochemically using the same cell configuration as decribe

The I.T.O. coated glass was treated and prepared as previously describ

The copolymers were grown from a solution containing terthiophene T T (0.01 M ) and
compound NTT (0.01 M), in an electrolyte solution containing TBAP (0.1
The homopolymers PTT and PNTT were grown from a solution containing TT

(0.01 M) in the same electrolyte. Homopolymer PNTT and copolymer PNTT/T
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both grown by C V between 0 and 1.1 V at a scan rate of 100 m V / s for 1.5 cycles. The
terthiophene homopolymer PTT was also grown under these conditions (0 - 1.1 V) but
for 2.5 cycles because the polymer deposition was slower than the copolymer and
substituted homopolymer. The copolymer PNTT/TT, was also grown potentiostatically
at 1.0 V to a specific charge density of 0.0112 C/cm2. This allowed a comparison

between the two polymerisation methods and their effect on the photovoltaic response.
Polyterthiophene was initially grown galvanostatically to establish the optimum

potentiostatic potential for film growth. A current density of 1 mA/cm gave an initia
growth potential of+1.0 V.

8.2.2 Electrochemical Characterisation.
The electrochemical characterisation of the homopolymers and copolymers was carried

out by CV over a potential range, between -0.50 V and 1.10 V at a scan rate of 50 mV/
an electrolyte solution containing TBAP (0.1 MVACN.

8.2.3 Post-polymerisation Treatment (Conditioning of Films)
The post-growth treatment of PTT, PNTT and PNTT/TT was the same as stated in

Chapter 7.2. Although, the highest conditioning potential for the the terthiophene f

was 1.1 V. Films were conditioned immediately prior to device fabrication and testing
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8.3 Results and Discussion

8.3.1 Electrochemical Growth and Characterisation of Polymer Films on I.T.O. Coated
Glass

The potential range over which the polymer films were scanned was between the uppe
and lower potential limits employed in the conditioning potential photovoltaic
experiments (-0.50 V to 1.10 V ) . The C V s of T T , N T T and the co-monomers N T T / T T
are seen in Figures 8.1 to 8.3, respectively. The polymerisation parameters were the
same for all the C V s and the initial andfinalpotential was 0 V (marked on the CVs).
P N T T / T T films were also polymerised by constant potential (see section 8.2.1).

0

0.2

0.4

0.6

0.8

1

Potential E (V)

Figure 8.1 The CV obtained during oxidation of TT. Monomer solution: TT (0.01
M)/TBAP(0.1 M V A C N . Scan rate: lOOmV/s.
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Figure 8.2 The C V obtained during oxidation of N T T . Monomer solution: N T T (0.01
M ) / T B A P (0.1 M V A C N . Scan rate: 100 mV/s.
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Figure 8.3 The C V obtained during oxidation of N T T / T T . Co-monomer solution: T T
(0.01 M ) / N T T (0.01 M ) / T B A P (0.1 M ) / A C N . Scan rate: 100 mV/s.

Polymer polymerisation shown in Figures 8.1 and 8.3 are similar, whereas the

polymerisation CV of PNTT (Fig. 8.2) is clearly different. This is probably due t

stronger influence of the nitro group on the growth of the homopolymer. The pote
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which the m o n o m e r or co-monomers start to oxidise to form P T T or P N T T / T T is
+0.72 V whereas m o n o m e r N T T starts to oxidise at a higher potential (+0.80 V )
because of the influence of the electron withdrawing nitro group on the H O M O energy
level of the monomer. During film growth, all the C V s display an increasing current
response upon repeated cycling, indicating the growth of electroactive conducting
polymers.

The electrochemical post-polymerisation characteristics of P N T T / T T , grown by
potentiodynamic and potentiostatic methods in this instance are very similar (e.g.
Figure 8.4) and is probably due to the thin nature of the films grown by C V and the fast
scan rate employed during polymerisation. The initial andfinalpotentials of these C V s
is the upper switching potential of 1.1 V(marked on CVs).
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Figure 8.4 Post-polymerisation C V of copolymer P N T T / T T . Supporting electrolyte:

TBAP (0.1 M)/ ACN. Scan rate: 50 mV/s.
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Table 8.1 summarises the electrochemical behaviour of P T T , P N T T and P N T T / T T .
The main features of these C V s (e.g. Figure 8.4) are the oxidation peak (Epai) and the
reduction peak (Epcl) for polymer P T T and copolymer P N T T / T T .

Upon repeated

cycling between -0.50 V and +1.10 V, the polymer current response decreased. The
electrochemical post-polymerisation characteristics for P T T are much the same as
P N T T / T T , but homopolymer P N T T had very different redox behaviour. Unlike P T T
and P N T T / T T , the post-polymerisation C V of PNTT(Fig. 8.5) displays a large sharp
oxidation peak (Epai) at 0.74 V (more negative than P T T or P N T T / T T ) and shows
more complex redox behaviour, having an additional reduction peak EpC2 at 0.44 V. The
copolymer oxidation response of P N T T / T T is in between the two homopolymers P T T

and PNT.

Table 8.1 Peak potentials (vs Ag/Ag+) for terthiophene polymers
Polymer

Peak Epai oxidation

Peak Epci reduction

Peak E p c 2 reduction

potential (V)

potential (V)

potential (V)

PTT

1.05

0.30

PNTT

0.74

0.15

P N T T / T T (CV)

1.00

0.37

P N T T / T T (Potstat)

0.99

0.33

0.44

Notes. P N T T / T T (CV) = copolymer grown potentiodynamically. P N T T / T T (Potstat) =
copolymer grown at constant potential. Scan rate: 50 m V s"1. Supporting electrolyte:
T B A P (0.1 M)/acetonitrile
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Further evidence that copolymer P N T T / T T was obtained by the elemental analysis
results (Table 8.2) that showed an approximate 1:1 ratio of T T and N T T in the
copolymer.
Table 8.2 Elemental analysis of P N T T / T T
Element
Compositio

54.27

H

N

CI

2.93

1.75

2.51

29.23

n

1.35 J

<
B

0.85

1

0.35 -

u
u
U
a -0.15 -

•

^V^3

K^^
-0.65 -

-0.5

1

1

-0.3

-0.1

^pcl
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1.1
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Figure 8.5 Post-polymerisation C V of homopolymer P N T T . Supporting electrolyte:
T B A P (0.1 M V A C N . Scan rate: 50 mV/s.

8.3.2 UV-Visible Spectroscopy
The UV-visible spectra of each film was obtained directly prior to device fabrication.
Figure 8.6 shows the spectra of homopolymers P T T and P N T T , and copolymer
P N T T / T T in their reduced states, Figure 8.7 shows their spectra in their partially
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oxidised state, and Figure 8.8 shows their spectra in their fully oxidised state. The U V visible spectra of PNTT/TT grown at constant potential are not shown, but are very
similar to thin films of PNTT/TT grown by CV.
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Figure 8.6 UV.-visible spectra offilmsin the reduced state (conditioned at -0.50 V ) .
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Figure 8.7 UV-visible spectra offilmsin the partially oxidised state (conditioned at
+0.75V).
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Figure 8.8 UV-visible spectra of films in the fully oxidised state (conditioned at

V).

The presence of the nitrostyryl substituent, clearly affects the absorption. In the
reduced state (Fig. 8.6), the broad n-iz* transition of copolymer PNTT/TT and
homopolymer PTT are at longer wavelengths than homopolymer PNTT, suggesting a
more highly conjugated structure.11

It is evident from the spectra of the films in their partially oxidised state (Fig.
PNTT appears to be more oxidised at +0.75 V than both PTT and PNTT/TT, as shown

by the presence of a better developed polaron absorption band and free carrier tail

The ratio of the polaron band absorbance to peak B is 0.44, 0.43 and 0.19 for PNTT,
PNTT/TT and PTT respectively. This is supported by the electrochemical

characterisation of the respective polymers (Fig. 8.4 and 8.5). Peaks A and B in th
spectrum of partially oxidised copolymer PNTT/TT or homopolymer PTT (Fig. 8.7),
again appear at slightly longer wavelengths than the homopolymer PNTT film. The
spectrum of PTT is similar to that of PNTT/TT.
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The UV-visible spectra of homopolymer P T T and copolymer P N T T / T T in their fully
oxidised state (Fig. 8.8), are almost identical. Homopolymer PNTT is clearly different
and has an absorption maximum at much lower wavelengths.

8.3.3 Photovoltaic Testing

The photo-response of photoelectrochemical cells incorporating PTT, PNTT or the
copolymer PNTT/TT were examined to establish the effect of the electron withdrawing

substituent on the photovoltaic characteristics of the polymer. Other variables that w
investigated with respect to their effect on the photo-electrochemical cell behaviour
the difference between homo- and co-polymers, the growth method (potentiostatic
verses potentiodynamic) and the effect of the oxidation state (doping level).

It has been shown that the addition of an electron withdrawing substituent does enhance
charge separation within the polymer.3'14'7'15 For example, Greenwald et al15 have also
incorporated the ^-nitrostyryl substituted thiophene into a p-n junction device from
which interesting photodiode effects were observed. However, the presence of
substituents also results in greater interchain distances,3 potentially decreasing the
contribution of interchain charge hopping which may affect carrier charge mobility .

Therefore, there is a trade off between these two effects, within the substituted polym
incorporated into the photoelectrochemical cell.

8.3.3.1 Current-Voltage Characteristics
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The current-voltage response of the terthiophene homopolymer and copolymers is

similar to that of the bithiophene copolymers.16 A typical current/voltage curve (Fig.
8.9) of PNTT/TT, increases upon illumination of polychromatic light (500 W/m2). The
photocurrents obtained from devices incorporating terthiophenes are larger than those
containing bithiophene,16 or 3-methylthiophene,17 under a negative bias. A s with the
bithiophene copolymer devices the positive increase in photocurrent response from an
applied negative bias indicates a p-type semi-conductor.

-0.9

-0.7

-0.5

-0.3

-0.1

0.1

0.3

Potential E (V)

Figure 8.9 Linear sweep voltammograms of photoelectrochemical cell (PEC) made
from P N T T / T T . (a) P E C in the dark, (b) P E C irradiated with white light (500W/m 2 ).
Scan rate: lOOmV/s.

8.3.3.2 Short Circuit Current (Isc) vs Conditioning Potential

For films grown under conditions specified in the experimental, the effect of the pos
polymerisation conditioning potential (-0.50, -0.25, +0.10, +0.25, +0.50, +0.75 and
+1 10 V ) of the films on the Isc values was investigated for each device. The substituted
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terthiophene homopolymer P N T T exhibited a very different trend to polyterthiophene
PTT (Fig.8.10). The maximum Isc for PTT occurred at a conditioned potential of -0.25
V and decreased in value at more positive conditioned potentials. In contrast, the
nitrostyryl substituted homopolymer PNTT displayed a low Isc response that was
relatively constant over the potential range between -0.50 V and +1.10 V. There was a

slight increase in Isc at a conditioned potential of +0.50 V and the current did not d
off at conditioned potentials of +1.10 V. Devices incorporating copolymer PNTT/TT

have Isc values that were relatively constant for copolymers that had been conditioned
potentials between -0.50 V and +0.50 mV. Conditioning potentials more positive than
+0.50 V resulted in copolymer devices that gave progressively lower Isc values.
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Average short circuit current (,sc) vs conditioning potential of

photoelectrochemical cells incorporating the PTT and PNTT and PNTT/TT.

8.3.3.3 Open Circuit Voltage (Voc) vs Conditioning Potential
The Open Circuit Voltage (Voc) of devices made from PTT and PNTT/TT that had
been conditioned at potentials ranging from -0.50 V to +0.50/+0.75 V were relatively
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constant (Fig. 8.11). Beyond these positive conditioning potentials, the V o c values
dropped. In contrast, Voc values progressively reduced for devices made from
homopolymer PNTT after conditioning at potentials ranging from -0.50 V to 1.10 V.
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Figure 8.11 The average open circuit voltage (Voc) vs conditioning potential of
photoelectrochemical cells incorporating the homopolymers PTT and PNTT and the
copolymer PNTT/TT.

8.3.3.4 Fill Factor (FF) vs Conditioning potential

The Fill Factor (FF) is a parameter that measures the closeness of the maximum powe
of the system to the ideal. Devices incorporating the substituted homopolymer PNTT
that were conditioned at -0.50 V had the maximum fill factor (Fig. 8.12). The FF
decreased in devices made from PNTT that were conditioned at -0.25 V, but a large

constant FF value was maintained between conditioning potentials ranging from -0.2

to +1.10 V. In contrast, PTT films that were conditioned at +0.50 V gave the maximu
FF, but the FF decreased for devices made from PTT that were conditioned at more
positive potentials.
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8.12 The average fill factor

(FF) vs conditioning

potential of

photoelectrochemical cells incorporating the homopolymers P T T and P N T T and the
copolymer P N T T / T T .

Potentiostatically grown PNTT/TT films that were conditioned at +0.25 V gave devices
with the largest F F (not shown in Fig. 8.12). W h e n P N T T / T T was conditioned at more
positive potentials, however, the resultant devices gave decreased F F values. The F F of
devices m a d e from P N T T / T T films polymerised by C V , that were conditioned at
different potentials, were fairly constant until the conditioned potential was more
positive than +0.75 V; when the F F decreased.

8.3.3.5 Energy Conversion Efficiency (ECE) vs Conditioning Potential
The trends in E C E verses conditioning potential (Fig. 8.13) are similar to those for the
Isc response. The nitrostyryl substituted homopolymer P N T T showed little change in
efficiency over the entire range of conditioning potentials. Polyterthiophene P T T
devices, however, reached a peak efficiency for P T T that had been conditioned at -0.25
V. The copolymer P N T T / T T devices reached their peak efficiencies w h e n P N T T / T T
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had been conditioned at +0.25 V or +0.50 V for potentiostatic or potentiodynamic
polymerisation respectively. The E C E decreased for devices made from P N T T / T T that
had been conditioned at potentials more positive than +0.25 V or +0.50 V for
potentiostatically or potentiodynamically grownfilmsrespectively.

These results show that the P T T devices were most efficient w h e n the polymer was in
its reduced state; indicating that charge separation was most efficient w h e n the polymer
was fully reduced. In contrast, the nitrostyryl substituted homopolymer P N T T devices
showed that charge separation was predominantly facilitated by the electron
withdrawing nitrostyryl substituent, because the E C E was hardly affected by the redox
state of the polymer. The copolymer P N T T / T T devices, however, showed that the
highest E C E was obtained w h e n P N T T / T T was partially oxidised, thus indicating that a
compromise between charge separation and conductivity (the ability to conduct the
separated charges) gave the best outcome for this polymer.
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Figure 8.13 The average Energy Conversion Efficiency (ECE) vs conditioning potential
of photoelectrochemical cells incorporating the homopolymers P T T and P N T T and the
copolymer P N T T / T T .
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The best results obtained from each of the homopolymers and copolymer grown under
the same conditions are shown in Table 8.3.

The best device was made from

polyterthiophene P T T that had been conditioned at -0.25 V after growth. This device
had a V o c = 142 m V , Isc = 141.8 uA/cm 2 , FF = 0.35, and E C E = 0.015%.

The best overall device, however, was obtained from polyterthiophene PTT that had
been polymerised by C V for 3 cycles at 100 mV/s between the potential limits of 0.0 V
and +1.10 V, and then subsequently conditioneded at -0.50 V. This device had a V o c =
164 m V , Isc = 262.6 uA/cm 2 , FF = 0.37, and E C E = 0.035%.

Table 8.3 The best photovoltaic results obtained from homopolymers and copolymer
polymerised by C V .

Polymer

conditioned E

V0C(mV)

I sc (pA/cm / )

FF

E C E (%)

(VvsAg/Ag + )
PTT

-0.25

142

141.8

0.35

0.015

PNTT

-0.50

166

21.6

0.48

0.004

PNTT/TT

-0.50

161

42.0

0.30

0.005

8.4 Conclusions

The best photovoltaic response was obtained from devices in their reduced or par
oxidised state, although the incorporation of a nitrostyryl substituent did have a notable
270

effect on the photovoltaic characteristics of the film especially in the case of P N T T .
The main feature in the photoelectrochemical behaviour of P N T T , is that the response
did not decrease at conditioning potentials of+0.75 V or +1.10 V as it did with P T T and
P N T T / T T . The nitro group in the para position of the styryl moiety results in polymers
that have photovoltaic characteristics that are more robust to a change in doping levels.
This could be due to a combination of resonance and inductive effects in the completely
conjugated system, as well as the overall electron withdrawing contribution of the nitro
group, enhancing charge separation. The unsubstituted terthiophene P T T can also
produce a favourable photo-response in partially doped states, but had the best E C E
when in its reduced state. In addition, the use of substituents to produce a stable photoresponse over a range of doping levels could further increase the versatility of organic
photoelectrochemical cells in a wider range of applications and m a y aid in the increased
charge carrier separation and mobility within the photoelectrochemical device.
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GENERAL CONCLUSIONS

It w a s found

that that electrically

conductive

homopolymers

can not be

electrochemically grown from the STD monomers. The range in oxidation potentials,
between 1.1 V for NT and 0.15 V for DMT, confirmed that electron withdrawing

groups increase the oxidation potential of the monomer while electron donating group
decrease it. The enhanced communication between the thiophene and the substituted

phenyl moiety through the alkene linker was illustrated by !H n.m.r. spectroscopy an
by the difference in oxidation potential between the completely conjugated monomer
DMT and the non-conjugated monomer DMTS. The dimethylamino electron donating
substituent induced an oxidation potential of 0.15 V when an unsaturated linker was
present while an oxidation potential of 0.5 V is observed for the DMTS monomers
where the linker was saturated.

It was found that electronically different substituents could be incorporated into
conducting copolymers grown from the STD monomers and Py or BT, on a range of
substrates using several different electrochemical growth methods. The presence of
STD monomer during polymerisation retarded copolymer growth and higher potentials
were required to initiate PSTD/BT growth, as opposed to PBT. However, the growth

of conducting copolymers (along with infra-red analysis) confirms that polymerisati

predominantly occurring through the 2- and 5- positions of the thiophene. It was fou

that the ratio of styryl thiophene repeat units to BT in the polymeric product was l
(1:5 or 1:8) except for PMOT/BT, where a ratio of 1:2 was found. The PNT/BT and
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P D M T / B T copolymers had ratios of 1:5 and P C T / B T was 1:8. Despite this, the nature
of the substituents was still found to influence the following electronic properties
substituted polythiophene copolymers:

Redox behaviour of copolymer
Electrochemical characterisation of the copolymers on glassy carbon revealed:
(i) a trend towards increasing positive potential for oxidation and reduction for

copolymers carrying an electron withdrawing substituent (i.e. -N02), and (ii) a decreas

in the potential of oxidation and reduction for copolymers with electron donating grou
(i.e. -NMe2). These shifts in oxidation potential are in accordance with a decrease in
HOMO energy level of the polymer when an electron withdrawing group is
incorporated, in contrast to an increase in the HOMO energy level when an electron
donating group is covalently bound.

Conductivity
Free standing copolymer films showed a trend towards increased conductivity with

increasing electron withdrawing capability of the substituent. It was proposed that th

may be due to the stabilisation of the quinoidal conductive form of the copolymer by t
incorporation of electron withdrawing substituents and the destabilisation of the
quinoidal structure by electron donating substituents.

Spontaneous Polymer Reduction On I.T.O. Coated Glass

Qualitative observations revealed the rapid spontaneous reduction on I.T.O. coated gl
of copolymers containing electron donating groups and the slower spontaneous
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reduction of copolymers with electron withdrawing groups. The observed order of

spontaneous reductions is the reverse of that expected, given the order of oxidation o
the copolymers, and appears to be dependent on the I.T.O. coated glass substate. The
mechanism for spontaneous reduction is not understood, although the stabilisation of
conductive quinoidal form may decrease the rate of reduction in the copolymers
containing electron withdrawing groups. Conversely the destabilising of the quinoidal
form with electron donating groups may promote rapid reduction of the polymer.

Redox behaviour on I. T. O. coated glass
The electrochemical behaviour of copolymer films on I.T.O. coated glass substrates

differed from that of films coated onto glassy carbon. The trend in reduction potentia

(neutralisation) with respect to the substituent was found to be the opposite on I.T.O

coated glass to that seen on glassy carbon,. This suggests that the more readily oxidi
copolymers are also easier to reduce on I.T.O. coated glass which, contradicts

conventional understanding of redox systems and therefore must be related to the natur
of the I.T.O. coated glass substrate.

Photovoltaic performance
The photovoltaic response of these copolymers varied with substituent as well as with
conditioning potential. However, despite the interesting trends apparent amongst the
different copolymers as doping levels increased, PBT produced the most efficient
photoelectrochemical devices. For the PDMT/BT copolymer devices, the photovoltaic

response increased at higher doping levels. This was surprising since, conventionally,
the undoped semi-conducting state produces a more efficient photovoltaic response.
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This could also be due to the effects of the electron donating group, destabilising the
conductive form and inducing the semi-conducting state within the polymer, thereby
facilitating the enhanced photovoltaic response at higher conditioning potentials.

Terthiophene Monomers.
Polymerisation of a substituted terthiophene (NTT) monomer was found to be a useful
alternative to copolymerising STD monomers with BT. In general PNTT films were
powdery and could not be peeled from the electrode surface. It was found that the
electrochemical growth method affected the electrochemical properties and surface
morphology of the films. For example, films grown by potentiostatic or galvanostatic
methods appear to be smooth and less powdery than films grown by potentiodynamic
methods. However, only thin films could be grown at constant current or constant
potential regardless of the growth time, whereas thick films were easily grown by
potentiodynamic methods. The scan rate during potentiodynamic growth not only

varied the thickness of the deposited film, but the electrochemical characteristics o

films grown at fast scan rate (200 mV/s) resembled the characteristics of films grown
constant potential and constant current.

The electrochemical characteristics of PNTT and PMTT grown on glassy carbon and

platinum electrodes displayed an unusually large reduction peak on the first scan, w

was dramatically reduced on the second. This has been attributed to the occurrence of
solid state polymerisation within the polymer during post-growth potential cycling.
Solid state polymerisation is not observed with the PSTD/BT copolymers because Th
and BT are less likely to form short chain oligomers than TT upon polymerisation.
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The nitro substituent in P N T T effects the electronic properties of the polymer backbone,
in a different manner to that observed in PMTT. However, the differences between the

electronic properties are small and may arise as a result of the alkene linker not b
completely planar.

Photovoltaic Properties of the Poly (terthiophene) s
Thin films of PTT produced an improved photoelectrochemical response compared to
PBT films. Although the photovoltaic responses for PNTT devices were less than that
for PTT, they remained constant over the range of conditioning potentials (from
completely reduced to oxidised) whereas those of the PTT films did not. This may

suggest that the incorporation of the nitrophenyl substituents enables the PV device
be more robust to changes in the oxidation state of the polymer, possibly due to
resonance stabilisation of the fully conjugated substituent. The growth of films for

incorporation into photovoltaic devices was not optimised to suit the individual pol
systems for both the PSTD/BT copolymers and PNTT homopolymers. Further work is
required to maximise the efficiency of these devices.

The work in this thesis provides a platform from which novel and potentially useful

polythiophenes can be synthesised and characterised. The substitution of terthiophene
with an alkene linker offers a number of promising opportunities, especially if the
mechanical properties or solubility of the homopolymer can be improved.
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Polymers that allow for communication between substituents and the polythiophene
backbone provide the opportunity to improve the tailoring of conducting polymers to
better suit a range of applications.
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